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(54) Display apparatus 

(57) A light absorbing member (21 0) is disposed on 
the periphery of adisplayelement(14), a light absorbing 
layer (214) is applied to an area that appears as a bright 
defect, and a projection (216) is disposed on a surface 
of an optical waveguide panel (20) of the display ele- 
ment (14) which confronts a large-size light guide panel 



(140). If the projection (216) comprises at least three 
projections, then the projections should preferably be 
disposed in respective positions spaced from the clos- 
est side of the display element (14) by a distance of at 
most L/3 where L represents the length of a longer side 
of the display element (14). 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention: 

[0001] The present invention relates to a display ap- 
paratus, and more particularly to a display apparatus 
suitable for use as a large-screen display apparatus 
having an array of display elements each having an op- 
tical waveguide panel for introducing light from a light 
source. 

Description of the Related Art: 

[0002] Heretofore, there have been known in the art 
various display apparatus Including cathode-ray tubes 
(CRTs) and liquid crystal display units. 
[0003] Ordinary television receivers and monitor dis- 
play units for use with computers are known as typical • 
cathode-ray tubes. While these cathode-ray tubes are 
capable of displaying bright images on the screen, they 
consume a large amount of electric energy and have a 
depth, i.e., a dimension backward from the screen, 
which is large as compared with the size of the screen. 
[0004] The liquid crystal display units have the advan- 
tages of smaller sizes and reduced power consumption, 
but suffer lower levels of image brightness and smaller 
angles of view. 

[0005] Cathode-ray tubes and liquid crystal display 
units which are designed to display color images need 
to have three time more pixels than black-and-white de- 
signs, and hence are more complex in structure, con- 
sumes more energy, and are higher in cost. 
[0006] The applicant of the present application has 
proposed a novel display apparatus in an attempt to 
solve the above problems (see, for example, Japanese 
laid-open patent publication No. 7-287176). As shown 
in FIG. 42 of the accompanying drawings, the proposed 
display apparatus has an array of actuators 400 asso- 
ciated with respective pixels. Each of the actuators 400 
has an actuator unit 408 comprising a piezoelectric/ 
electrostrictive layer 402, an upper electrode 404 
mounted on an upper surface of the piezoelectric/elec- 
trostrictive layer 402, and a lower electrode 406 mount- 
ed on a lower surface of the piezoelectric/electrostrictive 
layer 402, and a base body 414 comprising a vibrator 
410 disposed underneath the actuator unit 408 and a 
stationary block 41 2 joined to the vibrator41 0. The lower 
electrode 406 is held against the vibrator 410, which 
supports the actuator unit 408 thereon. 
[0007] The vibrator 410 and the stationary block 412 
are integrally formed of ceramics. The base body 414 
has a recess 416 defined therein beneath the vibrator 
4 1 0 so that the vibrator 4 1 0 is thinner than the stationary 
block 412. 

[0008] A displacement transfer element 420 for pro- 
viding a predetermined area of contact with an optical 



waveguide panel 418 is joined to the upper electrode 
404. In FIG. 42, when the actuator 400 is turned off or 
unselected, i.e., when the actuator 400 is not moved, 
the displacement transfer element 420 is positioned in 
5 the vicinity of the optical waveguide panel 418, and 
when the actuator 400 is turned on, the displacement 
transfer element 420 is brought into contact with the op- 
tical waveguide panel 418 by a distance equal to or 
smaller than the wavelength of light. 
10 [0009] Light 422 is introduced into the optical 
waveguide panel 418 from a lateral end thereof, for ex- 
ample. The optical waveguide panel 418 has its refrac- 
tive index pre-adjusted to cause all the light 422 to be 
totally reflected within the optical waveguide panel 41 8 
15 without passing through front and rear surfaces thereof. 
When a voltage signal depending on the attributes of an 
image signal is selectively applied to the actuator 400 
via the u pper electrode 404 and the lower electrode 406 
to displace the actuator 400 differently, i.e., to turn on, 
turn off, or unselect the actuator 400, for thereby con- 
trolling the movement of the displacement transfer ele- 
ment 420 into or out of contact with optical waveguide 
panel 41 8. Thus, dispersed light (leaking light) 424 from 
a given area, aligned with the actuator 400, of the optical 
waveguide panel 418 is controlled to display an image 
depending on the image signal on the optical waveguide 
panel 418. 

[0010] For displaying a color image on the display ap- 
paratus, light sources of three primary colors for emitting 
primary color lights into the optical waveguide panel 418 
are switched, and primary color light emission times are 
controlled to synchronize the times of contact between 
the optical waveguide panel 418 and the displacement 
transfer element 420 with light emission periods, or al- 
ternatively the times of contact between the optical 
waveguide panel 418 and the displacement transfer el- 
ement 420 are controlled to synchronize primary color 
light emission times with light emission periods. 
[001 1] Therefore, the proposed display apparatus as 
it is used in color display applications does not need to 
have more pixels than black-and-white display appara- 
tus. 

[0012] Recently, there have also been proposed dis- 
play apparatus for controlling selective light emission 
from pixels based on the displacement of actuators, the 
pixels incorporating color filters or colored scattering 
bodies thereby to dispense with the switching of primary 
color light sources for displaying clear color images. 
[0013] Various many technologies have been pro- 
posed and used in the art to fabricate large-screen dis- 
play apparatus comprising an array of display elements. 
See, for example, Japanese utility model publication No. 
4-53675 and Japanese patent publication No. 8-17086. 
These large-screen display apparatus are designed 
such that any defective display elements can be easily 
replaced with a new one. 

[0014] A light guide panel may possibly be warped by 
the heat generated when the display elements are en- 
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ergized and also when light from the light source is ab- 
sorbed by the black matrix or the like. If the light guide 
panel is warped, then the internal pressure of a match- 
ing oil which is present between the light guide panel 
and the display elements which are bonded to the light 5 
guide panel differs between peripheral and central are- 
as of the display elements. 

[001 5] Air bubbles then tend to be introduced into the 
region of the matching oil where the internal pressure is 
lower. When air bubbles are present in the matching oil 10 
between the display elements and the light guide panel, 
light passing through the matching oil layer is applied to 
the air bubbles and scattered or refracted by the air bub- 
bles, and visually recognized as light emitted from ad- 
jacent pixels, resulting in a cross-talk image or a black is 
dot defect. 

SUMMARY OF THE INVENTION 

[001 6] It is therefore an object of the present invention 20 
to provide a display apparatus which Is highly reparable 
to allow any defective display elements to be easily re- 
placed with a new one. 

[0017] Another object of the present invention is to 
provide a display apparatus which is designed to pre- 25 
vent cross-talk images and black dot defects from being 
produced due to the warpage of a light guide panel for 
thereby increasing the quality of displayed images. 
[0018] According to the present invention, there is 
provided a display apparatus comprising a light guide 30 
panel for introducing light from a light source thereinto, 
at least two display elements arrayed on a principal sur- 
face of the light guide panel, a first light-transmissive 
substance e.g. a substance whose refractive index has 
been suitably selected or adjusted, interposed at least 35 
between the light guide panel and the display elements, 
and a second substance for making the first substance 
flowable or maintaining the first substance in a flowable 
state, the second substance being interposed at least 
between the light guide panel and the display elements. 40 
[0019] Generally, the light guide panel may be warped 
due to the heat generated when the display elements 
are energized and also when light from the light source 
is absorbed by the black matrix or the like. If the light 
guide panel is warped, then the internal pressure of the 45 
first substance which is present between the light guide 
panel and the display elements which are bonded to the 
light guide panel differs between peripheral and central 
areas of the display elements. 

[0020] Air bubbles then tend to be introduced into the so 
region of the first substance where the internal pressure 
is lower. When air bubbles are present between the dis- 
play elements and the light guide panel, light passing 
through the first substance is applied to the air bubbles 
and scattered or refracted by the air bubbles, and visu- 55 
ally recognized as light emitted from adjacent pixels, re- 
sulting in a cross-talk image or a black dot defect. 
[0021] According to the present invention, since the 



second substance that makes the first substance flow- 
able is present between the light guide panel and the 
display elements, the first substance present between 
the display elements and the light guide panel is made 
highly flowable. As a result, even if a differential pres- 
sure is developed in the first substance due to a defor- 
mation of the light guide panel upon energization of the 
display apparatus, the first substance flows to reduce 
the differential pressure, preventing air bubbles from be- 
ing introduced into the first substance. Inasmuch as the 
first substance is made highly flowable, the display ele- 
ments can easily be removed and repaired. 
[0022] The first substance may comprise a matching 
oil, and the second substance may constitute a light- 
transmissive member. 

[0023] The second substance may be included in 
each of the display elements, and constitute a projection 
disposed on a surface of an optical waveguide panel of 
each of the display elements which confronts the light 
guide panel, or a projection disposed on a surface of the 
light guide panel which confronts the display elements 
and provided in an area corresponding to one of the dis- 
play elements. 

[0024] The display apparatus may further comprise a 
module optical waveguide panel interposed between 
the light guide panel and the display elements, providing 
a display module including the display elements therein, 
the first substance being interposed at least between the 
module optical waveguide panel and the display ele- 
ments. 

[0025] The second substance may be included in 
each of the display elements, and constitute a projection 
disposed on a surface of an optical waveguide panel of 
each of the display elements which confronts the mod- 
ule optical waveguide panel, or a projection disposed 
on a surface of the module optical waveguide panel 
which confronts the display elements and provided in 
an area corresponding to one of the display elements. 
[0026] The display apparatus may further comprise a 
module optical waveguide panel interposed between 
the light guide panel and the display elements, providing 
a display module including the display elements therein, 
the first substance being interposed at least between the 
light guide panel and the module optical waveguide pan- 
el. 

[0027] The second substance may be included in 
each of the display elements, and constitute a projection 
disposed on a surface of the module optical waveguide 
panel which confronts the display elements and provid- 
ed in an area corresponding to one of the display ele- 
ments, or a projection disposed on a surface of the light 
guide panel which confronts the module optical 
waveguide panel and provided in an area corresponding 
to one of the display elements. 

[0028] The projection should preferably comprise 
three projections included in each of the display ele- 
ments. The projections should preferably be disposed 
in respective positions spaced from at least one side of 



3 



EP 1 245 988 A2 



6 



each of the display elements by a distance of at most U 
3 where L represents the length of a longer side of the 
display elements. 

[0029] The projections should preferably be posi- 
tioned in alignment with pillars of each of the display el- 
ements. Even when pressing forces are applied to the 
projections due to a deformation of the light guide panel, 
an optical waveguide panel of the display apparatus is 
prevented from being deformed or damaged because 
the pressing forces are borne by the pillars, and light 
emitted from pixels is prevented from being scattered in 
part by the projections. 

[0030] If the projections comprise light absorbing 
members, then they function as a black matrix for 
achieving increased contrast 

[0031 ] The projection may comprise at least one strip- 
like projection in each of the display elements, or at least 
one frame-like projection in each of the display ele- 
ments. 

[0032] The second substance may constitute beads 
mixed with the first substance. 

[0033] The above and other objects, features, and ad- 
vantages of the present invention will become more ap- 
parent from the following description when taken in con- 
junction with the accompanying drawings in which pre- 
ferred embodiments of the present invention are shown 
by way of illustrative example. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] 

FIG. 1 is a fragmentary cross-sectional view of dis- 
play elements of a display apparatus according to 
the present invention; 

FIG. 2 is a view showing a pixel layout of display 
elements; 

FIG. 3 is a fragmentary cross-sectional view of a 
specific structure of an actuator and a pixel assem- 
bly; 

FIG. 4 is a fragmentary cross-sectional view of an- 
other arrangement of display elements; 
FIG. 5 is a view showing pixel assemblies each sur- 
rounded by pillars at respective four corners; 
FIG. 6 is a view showing another pillar; 
FIG. 7 is a diagram showing, by way of example, 
the relationship between an offset potential (bias 
potential) outputted from a row electrode drive cir- 
cuit, the potentials of on- and off-signals outputted 
from a column electrode drive circuit, and voltages 
applied between row and column electrodes; 
FIG. 8 is a perspective view of a display apparatus 
according to a first embodiment of the present in- 
vention; 

FIG. 9 is an exploded perspective view showing an 
example in which a display element is fixed in posi- 
tion; 

FIG. 10 is an exploded perspective view showing 



another example in which a display element is fixed 
in position; 

FIG. 11 is an enlarged fragmentary cross-sectional 
view showing a structure between display ele- 

5 ments; 

FIG. 12A is a plan view showing an example in 
which three dot-like projections are disposed on the 
optical waveguide panel of a display element; 
FIG. 12B is a plan view showing an example in 

10 which two strip-like projections are disposed on the 
optical waveguide panel of a display element; 
FIG. 12C is a plan view showing an example in 
which a frame-like projection is disposed on the op- 
tical waveguide panel of a display element; 

15 FIG. 13A is a plan view of a first structure in which 
projections are disposed on an optical waveguide 
panel; 

FIG. 13B is a plan view of a second structure in 
which projections are disposed on an optical 
20 waveguide panel; 

FIG. 14A is a plan view of a third structure in which 
projections are disposed on an optical waveguide 
panel; 

FIG. 1 4B is a plan view of a fourth structure in which 
25 projections are disposed on an optical waveguide 
panel; 

FIG. 1 5 is an enlarged fragmentary cross-sectional 
view showing an arrangement in which beads are 
mixed with a substance such as a matching oil; 
30 FIG. 1 6 is an enlarged fragmentary cross-sectional 
view showing another arrangement in which banks 
are disposed on the reverse side of a display ele- 
ment; 

FIG. 1 7 is an enlarged fragmentary cross-sectional 
35 view showing a sealing structure between display 
elements; 

FIG. 18 is a cross-sectional view showing a bulge 
of a substance such as a matching oil on a lower 
portion of a large-size light guide panel; 

40 FIG. 19 is a front elevational view showing a first 
countermeasure arrangement; 
FIG. 20A is a front elevational view showing a sec- 
ond countermeasure arrangement; 
FIG. 20B is a cross-sectional view taken along line 

45 XXB - XXB of FIG. 20A; 

FIG. 21 is a perspective view of a display apparatus 
according to a second embodiment of the present 
invention; 

FIG. 22 is an enlarged fragmentary cross-sectional 
so view showing a first arrangement of a sealing struc- 
ture between display elements of the display appa- 
ratus according to the second embodiment; 
FIG. 23 is an enlarged fragmentary cross-sectional 
view showing a second arrangement of the sealing 
55 structure between the display elements of the dis- 
play apparatus according to the second embodi- 
ment; 

FIG. 24 is an enlarged fragmentary cross-sectional 
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view showing a third arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the second embodi- 
ment; 

FIG. 25 is an enlarged fragmentary cross-sectional 
view showing a fourth arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the second embodi- 
ment; 

FIG. 26 is an enlarged fragmentary cross-sectional 
view showing a fifth arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the second embodi- 
ment; 

FIG. 27 is an enlarged fragmentary cross-sectional 
view showing a sixth arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the second embodi- 
ment; 

FIG. 28 is a perspective view of a display apparatus 
according to a third embodiment of the present in- 
vention; 

FIG. 29 is an exploded perspective view of a display 
block; 

FIG. 30 is an exploded perspective view of another 
display block; 

FIG. 31 is a view showing display blocks stacked 
and fixed in a frame; 

FIG. 32 is a view illustrative of a pixel pitch at a joint 
between display blocks; 

FIG. 33 is an enlarged fragmentary cross-sectional 
view showing a first arrangement of a sealing struc- 
ture between display elements of the display appa- 
ratus according to the third embodiment; 
FIG. 34 is an enlarged fragmentary cross-sectional 
view showing a second arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the third embodiment; 
FIG. 35 is a perspective view of a display apparatus 
according to a fourth embodiment of the present in- 
vention; 

FIG. 36 is an enlarged fragmentary cross-sectional 
view showing a first arrangement of a sealing struc- 
ture between display elements of the display appa- 
ratus according to the fourth embodiment; 
FIG. 37 is an enlarged fragmentary cross-sectional 
view showing a second arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the fourth embodiment; 
FIG. 38 is an enlarged fragmentary cross-sectional 
view showing a third arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the fourth embodiment; 
FIG. 39 is an enlarged fragmentary cross-sectional 
view showing a fourth arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the fourth embodiment; 
FIG. 40 is an enlarged fragmentary cross-sectional 



view showing a fifth arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the fourth embodiment; 
FIG. 41 is an enlarged fragmentary cross-sectional 
5 view showing a sixth arrangement of the sealing 
structure between the display elements of the dis- 
play apparatus according to the fourth embodiment; 
and 

FIG. 42 is a fragmentary cross-sectional view show- 
10 ing conventional display elements. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

15 [0035] Display apparatus according to various em- 
bodiments of the present invention and processes of 
manufacturing the display apparatus will be described 
below with reference to FIGS. 1 through 41. 
[0036] A display element 14 for use in the display ap- 

20 paratus will first be described below with reference to 
FIGS. 1 through 7. 

[0037] As shown in FIG. 1, the display element 14 
comprises an optical waveguide panel 20 into which 
light 18 emitted from a light source 16 is introduced, and 
25 a drive unit 24 disposed in confronting relation to a rear 
surface of the optical waveguide panel 20 and having a 
matrix or staggered array of actuators 22 aligned with 
respective pixels. 

[0038] As shown in FIG. 2, two actuators 22 arrayed 
30 in a vertical direction make up a single dot 26, and three 
dots 26 including a red dot 26R, a green dot 26G, and 
a blue dot 26B which are arrayed in a horizontal direction 
make up a single pixel 28. The pixels 28 of the display 
element 14 are arranged in horizontal rows each con- 
35 taining 16 pixels (48 dots) and vertical columns each 
containing 16 pixels (16 dots). 

[0039] The display element 14 also includes pixel as- 
semblies 30 disposed respectively on the actuators 22. 
The pixel assemblies 30 have a function to increase 

40 their area of contact with the optical waveguide panel 
20 into an area depending on the area of each pixel. 
[0040] The drive unit 24 has an actuator board 32 
made of ceramics, for example, with the actuators 22 
disposed on the actuator board 32 at respective posi- 

45 tions corresponding to the pixels 28. The actuator board 
32 has one continuous principal surface facing the rear 
surface of the optical waveguide panel 20. The actuator 
board 32 has a plurality of cavities 34 defined in the re- 
spective positions corresponding to the pixels 28 and 

so serving part of vibrators (described below). The cavities 
34 communicate with the space around the display ele- 
ment 14 via small-diameter through holes 36 which are 
defined in the opposite surface of the actuator board 32. 
[0041] The actuator board 32 includes thin-wall por- 

55 tions lying over the respective cavities 34 and thick-wall 
portions extending between the thin-wall portions. The 
thin-wall portions function as vibrators 38 which can 
easily be vibrated u nder external stresses applied there- 
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to. The thick-wall portions function as stationary blocks 
40 supporting the vibrators 38 therebetween over the 
cavities 34. 

[0042] The actuator board 32 may be regarded as a 
unitary laminated structural body having a lowermost 5 
board layer 32A, an intermediate spacer layer 32B, and 
an uppermost thin layer 32C t with the cavities 34 defined 
in the spacer layer 32B in alignment with the respective 
actuators 22. The board layer 32A functions as both a 
stiffening board and a wiring board. The actuator board 10 
32 may be of an integrally sintered structure or may be 
made up of separate layers which are combined togeth- 
er. 

[0043] A specific example of the actuator 22 and the 
pixel assembly 30 will be described below with refer- is 
encetoFIGS. 1 through 7. In FIGS. 1 and 3, gap forming 
layers 44 are disposed between pillars 42 (described lat- 
er on) and the optical waveguide panel 20. The gap 
forming layers 44 should preferably comprise light 
blocking layers. The gap forming layers 44 may be made 20 
of a metal having a iow light absorbing capability, such 
as Cr, Al, Ni ? Ag, or the like, a resin containing carbon 
black, black pigment, or black dye, or a transparent 
cured resin having a low light dispersing capability. The 
gap forming layers 44 made of such a material function 25 
as a black matrix. 

[0044] As shown in FIG. 3, the actuator 22 has, in ad- 
dition to the vibrator 38 and the stationary block 40, a 
shape holding layer 46 in the form of a piezoelectric/ 
electrostrictive layer or an anti-ferrodielectric layer 30 
formed directly on the vibrator 38, and a pair of elec- 
trodes 48 disposed respectively on upper and lower sur- 
faces of the shape holding layer 46. The electrodes 48 
comprise an upper row electrode 48a and a low column 
electrode 48b. 35 
[0045] The electrodes 48 may be disposed on the up- 
per and lower surfaces of the shape holding layer 46, 
as shown in FIG. 3, or may be disposed on the upper or 
lower surface of the shape holding layer 46. 
[0046] if the electrodes 48 are disposed on one of the 40 
upper and lower surfaces of the shape holding layer 46, 
then the electrodes 48 may comprise comb-shaped 
teeth disposed in an interdigitating relation to each oth- 
er, or may be of a spiral shape or a multi-branch shape 
as disclosed in Japanese laid-open patent publication 45 
No. 10-78549. 

[0047] If the row electrode 48a is disposed on the up- 
per surface of the shape holding layer 46 and the column 
electrode 48b is disposed on the lower surface of the 
shape holding layer 46, as shown in FIG. 3, then the 50 
actuator 22 may be flexibly displaced in one direction so 
as to be convex toward the recess 34, as shown in FIG. 
1. Alternatively, the actuator 22 may be flexibly dis- 
placed so as to be convex toward the optical waveguide 
panel 20, as shown in FIG. 4. In the example shown in 55 
FIG. 4, the pillars 42 themselves have a light blocking 
capability, with no gap forming layers 44 disposed be- 
tween the pillars 42 and the optical waveguide panel 20. 



[0048] As shown in FIG. 3, the pixel assembly 30 is 
constructed as a laminated body disposed as a dis- 
placement transfer element on the actuator 22 and com- 
prising a white scattering body 50, a color filter 52, and 
a transparent layer 54. The color filter 52 may be re- 
placed with a colored scattering body: 
[0049] As shown in FIGS. 1, 3, and 4, the pillars 42 
are disposed between the optical waveguide panel 20 
and the actuator board 32 and positioned around the 
pixel assemblies 30. In the example shown in FIG. 4, 
the optical waveguide panel 20 is directly fixed to the 
upper surfaces of the pillars 42. The pillars 42 should 
preferably be made of a material which is resistant to 
deformation when subjected to heat and pressure. 
[0050] As shown in FIG. 5, the pillars 42 may be dis- 
posed at respective four corners around each of the pix- 
el assemblies 30. Specifically, if each of the pixel as- 
semblies 30 is substantially of a rectangular or elliptical 
shape when viewed in plan, then the pillars 42 are dis- 
posed in the respective four corners around the pixel 
assembly 30, with one of the pillars 42 being shared by 
adjacent pixel assemblies 30. 

[0051] Alternatively, as shown in FIG. 6, a single pillar 
42 may have windows 42a defined therein which ac- 
commodates the respective pixel assemblies 30. Spe- 
cifically, the single pillar 42 is in the form of a plate, and 
the windows (openings) 42 complementary in shape to 
the pixel assemblies 30 are defined in the single pillar 
42 at respective positions aligned with the pixel assem- 
blies 30. With the arrangement shown in FIG. 6, the pixel 
assemblies 30 have their side surfaces surrounded by 
the pillar 42, which provides increased bonding strength 
between the actuator board 32 and the optical 
waveguide panel 20. 

[0052] The components of the display element 14, 
particularly materials of the components of the display 
element 14, will be described below. 
[0053] Light 1 8 introduced into the optical waveguide 
panel 20 may be radiation in the ultraviolet, visible, or 
visible range. The light source 16 may comprise an in- 
candescent lamp, a deuterium discharge lamp, a fluo- 
rescent lamp, a mercury lamp, a metal halide lamp, a 
halogen lamp, a xenon lamp, a tritium lamp, a light-emit- 
ting diode, a laser, a plasma light source, a hot cathode- 
ray tube (or a cathode-ray tube with a carbon nanotube 
field emitter used in place of a filamentary hot cathode), 
or a cold cathode-ray tube. 

[0054] The vibrator 38 should preferably be made of 
a highly heat-resistant material for the reason that the 
vibrator 38 is not modified when at least the shape hold- 
ing layer 46 is formed if the vibrator 38 is directly sup- 
ported by the stationary block 40 without using a mate- 
rial of poor heat resistance such as an organic adhesive 
or the like. 

[0055] The vibrator 38 should preferably be made of 
an electrically insulating material in order to provide an 
electric isolation between an interconnection leading to 
the row electrode 48a on the actuator board 32 and an 
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interconnection (e.g., a data line) leading to the column 
electrode 48b. 

[0056] Therefore, the vibrator 38 may be made of a 
highly heat-resistant metal or a material such as an 
enamelled material where a surface of such a highly 5 
heat-resistant metal is covered with a ceramic material 
such as glass or the like. However, ceramics is optimum 
as the material of the vibrator 38. 
[0057] The ceramics of the vibrator 38 may be stabi- 
lized zirconium oxide, aluminum oxide, magnesium ox- 10 
ide, titanium oxide, spinel, mullite, aluminum nitride, sil- 
icon nitride, glass, or a mixture thereof. Stabilized zirco- 
nium oxide is particularly preferable because it provides 
high mechanical strength and high tenacity even if the 
thickness of the vibrator 38 is small and it has small *5 
chemical reactivity with the shape holding layer 46 and 
the electrodes 48. Stabilized zirconium oxide includes 
both stabilized zirconium oxide and partially stabilized 
zirconium oxide. Stabilized zirconium oxide does not 
cause a phase transition because it has a crystalline 20 
structure such as a cubic structure or the like. 
[0058] Zirconium oxide causes a phase transition in 
a monoclinic structure and a tetragonal structure at 
about 1 000°C, and may crack upon such a phase tran- 
sition. Stabilized zirconium oxide contains 1-30 mol % 25 
of calcium oxide, magnesium oxide, yttrium oxide, scan- 
dium oxide, ytterbium oxide, cerium oxide, or an oxide 
of a rare earth metal. If stabilized zirconium oxide con- 
tains yttrium oxide, then it should preferably contain 1 .5 
to 6 mol % of yttrium oxide, or more preferably 2 to 4 30 
mol % of yttrium oxide, and furthermore should prefer- 
ably contain 0.1 to 5 mol % of aluminum oxide. 
[0059] The crystalline phase of stabilized zirconium 
oxide may be a mixture of cubic and monoclinic sys- 
tems, a mixture of tetragonal and monoclinic systems, 35 
or a mixture of cubic, tetragonal and monoclinic sys- 
tems. Particularly, a mixture of cubic and monoclinic 
systems or a mixture of tetragonal and monoclinic sys- 
tems is most preferable from the standpoint of strength, 
tenacity, and durability. 40 
[0060] If the vibrator 38 is made of ceramics, then it 
is constructed of many crystal grains. In order to in- 
crease the mechanical strength of the vibrator 38, the 
average diameter of the crystal grains should preferably 
be in the range from 0.05 to 2 urn and more preferably 45 
in the range from 0.1 to 1 \in\. 

[0061] The stationary block 40 should preferably be 
made of ceramics. The stationary block 40 may be made 
of ceramics which is the same as or different from the 
ceramics of the vibrator 38. As with the material of the so 
vibrator 38, the ceramics of the stationary block 40 may 
be stabilized zirconium oxide, aluminum oxide, magne- 
sium oxide, titanium oxide, spinel, mullite, aluminum ni- 
tride, silicon nitride, glass, or a mixture thereof. 
[0062] The actuator board 32 is made of a material 55 
containing zirconium oxide as a chief component, a ma- 
terial containing aluminum oxide as a chief component, 
or a material containing a mixture of zirconium oxide and 
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aluminum oxide as a chief component. Particularly pref- 
erable is a material chiefly containing zirconium oxide. 
[0063] Clay or the like may be added as a sintering 
additive. Components of such a sintering additive need 
to be adjusted so that the sintering additive does not 
contain excessive amounts of materials which can eas- 
ily be vitrified, e.g., silicon oxide, boron oxide, etc. This 
is because while these easily verifiable materials are ad- 
vantageous in joining the actuator board 32 to the shape 
holding layer 46, they promote a reaction between the 
actuator board 32 and the shape holding layer 46, mak- 
ing it difficult to keep the desired composition of the 
shape holding layer 46 and resulting in a reduction in 
the device characteristics. 

[0064] Specifically, the easily vitrifiabie materials such 
as silicon oxide in the actuator board 32 should prefer- 
ably be limited to 3 % by weight or less or more prefer- 
ably to 1 % by weight or less. The chief component re- 
ferred to above is a component which occurs at 50 % 
by weight or more. 

[0065] The shape holding layer 46 may be in the form 
of a piezoelectric/electrostrictive layer or an anti-ferro- 
dielectric layer, as described above. If the shape holding 
layer 46 comprises a piezoelectric/electrostrictive layer, 
then it may be made of ceramics containing, singly or in 
combination, lead zirconate, lead magnesium niobate, 
lead nickel niobate, lead zinc niobate, lead manganese 
niobate, lead magnesium tantalate, lead nickel tanta- 
late, lead antimony tinate, lead titanate, barium titanate, 
lead manganese tungstenate, and lead cobalt niobate. 
[0066] The chief component may contain 50 % by 
weight or more of one of the above compounds. The 
ceramics containing lead zirconate is the most frequent- 
ly used material of the piezoelectric/electrostrictive layer 
as the shape holding layer 46. 

[0067] If the piezoelectric/electrostrictive layer is 
made of ceramics, then an oxide of lanthanum, calcium, 
strontium, molybdenum, tungsten, barium, niobium, 
zinc, nickel, manganese, or the like, or a combination 
thereof, or other compounds, may be added to the ce- 
ramics. 

[0068] For example, the piezoelectric/electrostrictive 
layer may be made of ceramics containing a chief com- 
ponent made up of lead magnesium niobate, lead zir- 
conate, and lead titanate, and further containing lantha- 
num and strontium. 

[0069] The piezoelectric/electrostrictive layer may be 
dense or porous. If the piezoelectric/electrostrictive lay- 
er is porous, then the porosity should preferably be 40 
% or less. 

[0070] If the shape holding layer 46 comprises an anti- 
ferrodielectric layer, then it should preferably made of a 
material containing lead zirconate as a chief compo- 
nent, a material containing lead zirconate and lead 
tinate as a chief component, a material containing lead 
zirconate with lanthanum oxide added thereto, or a ma- 
terial containing a component of lead zirconate and lead 
tinate with lead zirconate and lead niobate added there- 
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to. 

[0071] If an anti-ferrodielectric film containing a com- 
ponent of lead zirconate and lead tinate having the fol- 
lowing composition is used as a film-type device such 
as the actuator 22, then such an anti-ferrodielectric film 5 
is particularly preferable because it can be driven at a 
relatively low voltage: 



P b 0.99 Nb 0.0 2 [( Zr x Sn 1-)c)l-y Tl y]0.98 O 3] 
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where 0.5 < x < 0.6 f 0.05 < y < 0.063, 0.01 < Nb < 0.03. 
[0072] The anti-ferrodielectric film may be porous. If 
the anti-ferrodielectric film Is porous, then the porosity 
should preferably be 30 % or less. 15 
[0073] The shape holding layer 46 may be formed on 
the vibrator 38 by a screen printing process, any of var- 
ious thick film forming processes including a dipping 
process, a coating process, and an electrophoresis 
process, or any of various thin film forming processes 20 
including an ion beam process, a sputtering process, a 
vacuum evaporation process, an ion plating process, a 
chemical vapor deposition (CVD) process, plating, etc.), 
and a plating process. 

[0074] In the present embodiment, the shape holding 25 
layer 46 is preferably formed on the vibrator 38 by a 
screen printing process or any of various thick film form- 
ing processes including a dipping process, a coating 
process, and an electrophoresis process. 
[0075] According to these processes, the shape hold- 30 
ing layer 46 can be formed using a paste, a slurry, or a 
suspension, an emulsion, or a sol which is mainly com- 
posed of particles of piezoelectric ceramics having an 
average particle diameter ranging from 0.01 to 5 u.m, 
preferably from 0.05 to 3 u.m, and good piezoelectric 35 
properties can be achieved by the shape holding layer 
46 thus formed. 

[0076] Especially, the electrophoresis process is ca- 
pable of forming films at a high density with a high shape 
accuracy, and also has such features as described in 40 
"Electrochemistry and Industrial physical chemistry", 
Vol. 53, No. 1 (1985), pages 63 - 68, written by Kazuo 
Anzai, and "Process of forming high-order ceramics ac- 
cording to electrophoresis, 1st research forum", collect- 
ed preprints (1998), pages 5-6, pages 23 - 24. One of 45 
the processes should be selected in view of the required 
accuracy and reliability. 

[0077] The thickness of the vibrator 38 and the thick- 
ness of the shape holding layer 46 should preferably be 
of substantially the same level. If the thickness of the so 
vibrator 38 were extremely larger than the thickness of 
the shape holding layer 46 by at least ten times, then 
since the vibrator 38 would work to prevent the shape 
holding layer 46 from shrinking when it is baked, large 
stresses would be developed in the interface between ss 
the shape holding layer 46 and the actuator board 32, 
making the shape holding layer 46 easy to peel off the 
actuator board 32. If the thickness of the vibrator 38 is 



substantially the same as the thickness of the shape 
holding layer 46, the actuator board 32 (the vibrator 38) 
is easy to follow the shape holding layer 46 as it shrinks 
when it is baked, allowing the vibrator 38 and the shape 
holding layer 46 to be appropriately combined with each 
other. Specifically, the thickness of the vibrator 38 
should preferably be in the range from 1 to 1 00 jim, more 
preferably in the range from 3 to 50 u,m, and even more 
preferably in the range from 5 to 20 u,m. The thickness 
of the shape holding layer 46 should preferably be in the 
range from 5 to 100 urn, more preferably in the range 
from 5 to 50 |im, and even more in the range from 5 to 
30 u.m. 

[0078] The row electrode 48a and the column elec- 
trode 48b disposed respectively on the upper and lower 
surfaces of the shape holding layer 46 or disposed on 
one of the upper and lower surfaces of the shape holding 
layer 46 should preferably have a thickness ranging 
from 0.01 to 50 jxm and more preferably have a thick- 
ness ranging from 0.1 to 5 u.m. The row electrode 48a 
and the column electrode 48b should preferably be 
made of an electrically conductive metal which is solid 
at room temperature. For example, the row electrode 
48a and the column electrode 48b may be made of a 
metal such as aluminum, titanium, chromium, iron, co- 
balt, nickel, copper, zinc, niobium, molybdenum, ruthe- 
nium, rhodium, silver, tin, tantalum, tungsten, iridium, 
platinum, cold, lead, etc., singly or as an alloy. The row 
electrode 48a and the column electrode 48b may con- 
tain any of the above elements in a desired combination. 
[0079] The optical waveguide panel 20 has an optical 
refractive index selected to cause all the light 18 intro- 
duced therein to be totally reflected within the optical 
waveguide panel 20 without passing through front and 
rear surfaces thereof, and is required to provide a uni- 
form and high level of transmittance in the wavelength 
range of the light 18. The optical waveguide panel 20 
may be made of any materials Insofar as they meet the 
above requirements. Generally, the optical waveguide 
panel 20 may be made of glass, quartz, a light-transmis- 
sive plastic material such as acrylic resin or the like, a 
light-transmissive ceramic material, or the like, or may 
comprise a structural body of plural layers made of ma- 
terials having different refractive indexes, or may com- 
prise a body with a coating layer disposed on its surface. 
[0080] The colored layers including the color filter 52 
and the colored scattering body in the pixel assembly 
30 are layers for extracting light in a certain wavelength 
range, and may comprise layers for absorbing, passing, 
reflecting, or scattering light in a certain wavelength 
range or convert light in a certain wavelength range into 
light in another wavelength range. The colored layers 
may be transparent, semitransparent, or opaque layers 
used singly or in combination. 

[0081] The colored layers may comprise color dyes 
or fluorescent materials such as dyes, pigments, ions, 
or the like which are dispersed or dissolved in rubber, 
organic resin, light-transmissive ceramics, glass, liquid, 



8 



EP 1 245 988 A2 



or the like or applied to their surfaces, or may comprise 
powders of the above color dyes or fluorescent materi- 
als which are sintered or pressed into solid bodies. The 
materials and structures of the colored layers may be 
used singly or in combination. s 
[0082] The colored layers including the color filter 52 
and the colored scattering body may be formed by any 
of various known film forming processes. For example, 
a chip-like or film-like colored layer may be directly ap- 
plied to the surface of the optical waveguide panel 20 10 
or the actuator 22. Alternatively, a powder, a paste, a 
liquid, a gas, ions, or the like which serves as the mate- 
rial of the colored layers may be converted into a film as 
a colored layer by a thin film forming process such as a 
screen printing process, a photographic process, a 15 
spraying process, a dipping process, a coating process, 
or the like, or a thin film forming process such as an ion 
beam process, a sputtering process, a vacuum evapo- 
ration process, an ion plating process, a CVD process, 
a plating process, or the like. 20 
[0083] The pixel assembly 30 may include a light- 
emitting layer in its entirety or in a portion thereof. The 
light-emitting layer may comprise a fluorescent layer 
which emits visible light when stimulated by invisible 
light (ultraviolet radiation or infrared radiation) or emits 25 
invisible light when stimulated visible light. 
[0084] The light-emitting layer may be made of a flu- 
orescent pigment. If the light-emitting layer is made of 
a fluorescent pigment, then when fluorescence in a 
wavelength which is substantially equal to the wave- 30 
length of the color of the pigment itself, i.e., the reflected 
color, is applied to the fluorescent pigment, the fluores- 
cent pigment causes as much color stimulus and emits 
as bright color. Therefore, fluorescent pigments, partic- 
ularly general daylight fluorescent pigments, are prefer- 35 
ably used for increasing the luminance of display ele- 
ments and display units. 

[0085] The light-emitting layer may also be made of a 
stimulable fluorescent material, a phosphorous materi- 
al, or a luminous pigment. These materials may be or- 40 
ganic or inorganic. 

[0086] The light-emitting layer may be made of any of 
the above light-emitting materials singly, or any of the 
above light-emitting materials which is dispersed in a 
resin, or any of the above light-emitting materials which 45 
is dissolved in a resin. 

[0087] The afterglow time of the light-emitting materi- 
als should preferably be 1 second or shorter, more pref- 
erably 30 milliseconds or shorter, or even more prefer- 
ably several milliseconds or shorter. 50 
[0088] If the pixel assembly 30 includes the above 
light-emitting layer in its entirety or in a portion thereof, 
then the light source 1 6 may comprise any light sources 
insofar as they emit light having a wavelength capable 
of stimulating the light-emitting layer and an energy den- 55 
sity sufficient for stimulating the light-emitting layer. For 
example, the light source 16 may comprise a cold cath- 
ode-ray tube, a hot cathode-ray tube (or a cathode-ray 



tube with a carbon nanotube field emitter used in place 
of a filamentary hot cathode), a metal halide lamp, a xe- 
non lamp, a laser including an infrared laser, a black 
light, a halogen light, an incandescent lamp, a deuterium 
discharge lamp, a fluorescent lamp, a mercury lamp, a 
tritium lamp, a light-emitting diode, a plasma light 
source, or the like. 

[0089] Operation of the display element 14 will briefly 
be described below with reference to FIG. 1. In opera- 
tion, as shown in FIG. 7, an offset voltage of 50 V, for 
example, is applied to the row electrode 48a of each of 
the actuators 22, and an on-signal of 60 V and an off- 
signal of 0 V, for example, are applied to the column 
electrode 48b of each of the actuators 22. 
[0090] Therefore, in those actuators 22 where the on 
signal is applied to the column electrode 48b, a low level 
voltage of - 10 V is applied between the column elec- 
trode 48b and the row electrode 48a, and in those ac- 
tuators 22 where the off signal is applied to the column 
electrode 48b, a high level voltage of 50 V is applied 
between the column electrode 48b and the row elec- 
trode 48a. 

[0091] Light 18 is introduced into the optical 
waveguide panel 20 from an end thereof, for example. 
The optical waveguide panel 20 has its refractive index 
pre-adjusted to cause all the light 1 8 to be totally reflect- 
ed within the optical waveguide panel 20 without pass- 
ing through front and rear surfaces thereof while the pix- 
el assemblies 30 are not in contact with the optical 
waveguide panel 20. The refractive index of the optical 
waveguide panel 20 is preferably in the range from 1.3 
to 1.8, and more preferably from 1.4 to 1.7. 
[0092] In the present embodiment, while the actuators 
22 are in their free state, since the end faces of the pixel 
assemblies 30 are held in contact with the. rear surface 
of the optical waveguide panel 20 by a distance equal 
to or smaller than the wavelength of the light 1 8, the light 
1 8 is reflected by the end faces of the pixel assemblies 
30 and becomes scattered light 62. The scattered light 
62 is partly reflected in the optical waveguide panel 20, 
but mostly passes through the front surface of the optical 
waveguide panel 20 without being reflected therein. All 
the actuators 22 are in the on state, emitting light in a 
color corresponding to the color of the color filters 52, 
the colored scattering bodies, or the light-emitting layers 
in the pixel assemblies 30. Because all the actuators 22 
are in the on state, a white color is displayed on the 
screen of the display element 14. 
[0093] When an off signal is applied to the actuator 
22 corresponding to a certain dot 26, the actuator 22 is 
flexibly displaced so as to be convex into the cavity 34, 
spacing the end face of the pixel assembly 30 away from 
the optical waveguide panel 20. The actuator 22 is now 
turned off, extinguishing the light which has been emit- 
ted. 

[0094] Therefore, the display element 14 controls light 
emission (light leakage) on the front surface of the op- 
tical waveguide panel 20 depending on whether the pix- 
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el assemblies 30 contact the optical waveguide panel 
20 or not. 

[0095] In the display element 14, two actuators 22 
each for displacing the pixel assembly 30 toward and 
away from the optical waveguide panel 20 are arrayed s 
in a vertical direction and make up a single dot 26, and 
three dots 26 including a red dot 26R, a green dot 26G, 
and a blue dot 26B which are arrayed in a horizontal 
direction make up a single pixel 28. The pixels 28 of the 
display element 14 are arranged in a matrix or may be 10 
arranged in staggered rows. When the displacement of 
the pixel assemblies 30 in the respective pixels is con- 
trolled depending on the attributes of an image signal 
applied to the display element 14, the display element 
14 can display a color image (characters, graphic pat- 15 
terns, etc.) depending on the image signal on the front 
surface of the optical waveguide panel 20, i.e., the dis- 
play screen of the display element 14, as is the case 
with cathode-ray tubes, liquid crystal display panels, 
plasma display panels, etc. 20 
[0096] As shown in FIG. 8 f a display apparatus 10A 
according to a first embodiment of the present invention 
has a display apparatus body 102 including a matrix of 
display elements 14 disposed on a principal surface of 
a large-size light guide panel 140. Light sources 104 are 25 
mounted on respective outer side surfaces of the large- 
size light guide panel 1 40. Each of the light sources 1 04 
comprises a number of cold cathode-ray tubes 1 06 and 
a reflector 108 for reflecting light from the cold cathode- 
ray tubes 106 toward the large-size light guide panel 30 
140. 

[0097] In FIG. 8, the light from the cold cathode-ray 
tubes 1 06 is introduced through end faces thereof into 
the large-size light guide panel 140 and the optical 
waveguide panels 20 of the respective display elements 35 
14. However, the light from the cold cathode-ray tubes 
106 may be introduced into the large-size light guide 
panel 140 and the optical waveguide panels 20 of the 
respective display elements 14 through end faces of 
those optical waveguide panels 20 which are disposed 40 
in outer peripheral edges of the large-size light guide 
panel 140 as well as the end faces of the large-size light 
guide panel 140. 

[0098] As shown in FIG. 9, a wiring board 114 is 
mounted on the reverse side of the actuator board 32 of 45 
each of the display elements 14. The wiring board 114 
has a plurality of drive ICs 116 for driving the row elec- 
trode 48a and the column electrode 48b of the display 
element 14, and connectors 120 connecting the drive 
ICs 116 to a driver board 118 (see FIG. 8) which proc- so 
esses signals to be applied to groups of the drive ICs 
116. The driver board 1 1 8 is connected to a display con- 
troller (not shown) for processing image data for the dis- 
play of images on the display apparatus 10A. 
[0099] In FIG. 9, the display element 14 which hasthe 55 
optical waveguide panel 20 and the actuator board 32 
and the wiring board 114 are attached to the large-size 
light guide panel 140. However, as shown in FIG. 10, 



the display element 14 which is free of the optical 
waveguide panel 20 and the wiring board 114 may be 
attached to the large-size light guide panel 140. In the 
example shown in FIG. 10, the large-size light guide 
panel 140 itself serves as a component of the display 
element which functions as the optical waveguide panel 
20. 

[0100] As shown in FIG. 9, the display apparatus 1 0A 
according to the first embodiment includes a light-trans- 
missive substrate 130 whose refractive index has been 
adjusted, interposed at least between the large-size 
light guide panel 140 and the display elements 14. 
[0101] The refractive index of the substance 130 
should preferably be as close to the refractive index of 
the large-size light guide panel 140 as possible. An al- 
lowable difference between the refractive index of the 
large-size light guide panel 140 and the refractive index 
of the substance 130, which is related to the thickness 
of the large-size light guide panel 140, should preferably 
satisfy the following condition: 

0.9N A < N 2 < 1.1N 1 

where N t is the thickness of the large-size light guide 
panel 1 40 and N 2 is the refractive index of the substance 
130. 

[0102] If 0.99^ < N 2 < 1.01N 1a then the thickness of 
the large-size light guide panel 140 can be increased, 
thus increasing the stability of the large-size light guide 
panel 140 as a structural body. 

[0103] The light transmittance of the substance 130 
with respect to incident light applied perpendicularly 
thereto in the visible wavelength range should prefera- 
bly be 50 % or higher, or more preferably be 70 % or 
higher, in order to introduce light efficiently into the dis- 
play elements 14 and reduce the power consumption. 
[0104] The substrate 130 may be in any phase such 
as a gas, a liquid, a solid, or a mixture thereof insofar 
as it satisfies the above condition. 
[0105] The large-size light guide panel 140 may be 
made of an organic material or an inorganic material in- 
sofar as it has a good light transmittance in the visible' 
wavelength range. Specifically, the large-size light guide 
panel 140 may be made of glass, quartz, light-transmis- 
sive alumina, acrylic resin, methacrylic resin, polycar- 
bonate, vinyl chloride, phenolic resin, vinyl acetate, 
ABS, fluoroplastics, unsaturated polyester, or the like, 
either singly or in combination. If the large-size light 
guide panel 140 is made of glass, then it should prefer- 
ably be made of Vycor glass, 96 % silicate glass, alumi- 
nosilicate glass, borosilicate glass, zinc borosilicate 
glass, barium borosilicate glass, or the like. The light 
transmittance of the large-size light guide panel 140 with 
respect to incident light applied perpendicularly thereto 
in the visible wavelength range should preferably be 50 
% or higher, or more preferably be 70 % or higher. 
[01 06] The substance 1 30 may comprise an adhesive 
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having a refractive index which is substantially the same 
as the refractive indexes of the optical waveguide pan- 
els 20 of the display elements 14 and the large-size light 
guide panel 140. The adhesive for use as the substance 
130 may include a pressure-sensitive adhesive, an ad- 
hesive which is solidified after being cured, an adhesive 
which is flexible after being cured, a rubber-like adhe- 
sive, and a gel-like adhesive. 

[0107] The adhesive may be cured by any of various 
curing processes including a UV curing process, a heat- 
ed curing process, a normal-temperature curing proc- 
ess, a condensation curing process, an addition curing 
process, a two-part curing process, etc. 
[0108] The adhesive may be made of an organic ma- 
terial or an inorganic material insofar as it has a good 
light transmittance in the visible wavelength range. The 
adhesive should preferably be made of a material which 
is highly insulative and has a low ignition point, and more 
preferably of a material which has excellent wettability 
with respect to the large-size light guide panel 140 and 
is stable over a long period of time with respect to heat, 
light, and humidity. 

[0109] Specifically, the adhesive comprises a urea 
resin adhesive, a phenolic resin adhesive, an epoxy res- 
in adhesive, an acrylic resin adhesive, a methacrylic res- 
in adhesive, a cyanoacrylate adhesive, a polyurethane 
adhesive, an emulsion adhesive, a hot-melt adhesive, 
a synthetic rubber adhesive, a natural rubber adhesive, 
or the like, either singly or in combination. 
[0110] If an adhesive which is fully solidified is used 
as the adhesive of the substance 130, then since the 
display elements 14 are firmly bonded by the adhesive, 
the display apparatus 10A is of high mechanical 
strength. However, any defective display elements 14 
cannot easily be replaced individually with a new one, 
the display apparatus 10A thus constructed should be 
replaced in its entirety. 

[0111] If an adhesive which is flexible is used as the 
adhesive of the substance 130, then the display appa- 
ratus 10A is of high mechanical strength and can easily 
be cutoff. Therefore, any defective display elements 14 
can easily be replaced individually with a new one, and 
hence the display apparatus 10A is highly reparable. 
[0112] A process of manufacturing the display appa- 
ratus 10A according to the first embodiment will be de- 
scribed below. First, the surface of the large-size light 
guide panel 140 is treated. Specifically, the surface of 
the large-size light guide panel 140 is coated with a hard 
coating material. The surface of the large-size light 
guide panel 140 thus coated is prevented from being 
scratched, so that the display apparatus 1 0A is prevent- 
ed from producing local white dots when a black image 
is displayed thereon and also from having an overall in- 
crease in its luminance. 

[01 1 3] The surface of the large-size light guide panel 
140 is coated with a hard coating material by forming a 
film of a material harder than the materia! of the large- 
size light guide panel 140 on the surface of the large- 



size light guide panel 140. While it is important to coat 
both face and reverse sides of the large-size light guide 
panel 140 for preventing them from being scratched, 
end faces thereof do not necessarily need to be coated. 
5 The hard coating material may be an acrylic hard coat- 
ing material or a silicone hard coating material. 
[0114] Then, the end faces of the optical waveguide 
panels 20 of the display elements 14 are polished to a 
mirror finish. The mirror-finish end faces of the optical 
10 waveguide panels 20 are effective to lower any light 
leakage from the joints therebetween to an annoyance- 
free level, making the joints almost visibly inappreciable. 
Since the mirror-finish end faces of the optical 
waveguide panels 20 allow the light from the light source 
15 104 to reach the large-size light guide panel 140, a de- 
sired angle of view can be achieved. In polishing the end 
faces of the optical waveguide panels 20 to a mirror fin- 
ish, it is preferable to reduce Rmax to 0.3 or less, or 0.05 
or less more preferably, to reduce any light leakage from 
20 the joints therebetween to an annoyance-free level. 
[0115] In machining the optical waveguide panel 20, 
the dimensional accuracy thereof should preferably be 
±0.1 mm or less with respect to a reference dimension 
100 mm, the squareness between end faces and the 
25 squareness between end faces and surfaces should 
preferably be 0.1 mm or less, and the parallelism be- 
tween end faces and the parallelism between surfaces 
should preferably be 0.1 mm or less. The dimensional 
accuracy thereof should more preferably be ± 0.03 mm 
30 or less with respect to a reference dimension 100 mm, 
the squareness between end faces and the squareness 
between end faces and surfaces should more preferably 
be 0.03 mm or less, and the parallelism between end 
faces and the parallelism between surfaces should 
35 more preferably be 0.03 mm or less. 

[0116] With the optical waveguide panels 20 thus ma- 
chined, an accumulated pitch error produced when the 
display elements 14 are successively arrayed in position 
is reduced. As a result, the distortion of display images 
40 due to pixel pitch shifts is reduced reducing variations 
in the gaps of the joints and also reducing variations in 
the thicknesses of the optical waveguide panels 20. The 
joints are thus made less visually perceptible by satis- 
fying the above machining conditions. 
45 [011 7] The pitch of the pixels of the display elements 
14 should preferably match the distance between the 
pixels at the joints between the display elements 14, 
thus eliminating the difference between the pixel pitch 
in the display elements 14 and the pixel pitch at the joints 
between the display elements 14 for thereby reducing 
image distortions. 

[0118] Then, the display elements 14 are successive- 
ly arrayed and fixed in position on the principal surface 
of the large-size light guide panel 140. At this time, the 
large-size light guide panel 140 and the optical 
waveguide panels 20 of the display elements 14 are 
held in confronting relation to each other, and an adhe- 
sive which is either fully solidified (e.g., Benefix VL or 
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Benefix a manufactured by Adel or a flexible adhesive 
is applied between the large-size light guide panel 140 
and the optical waveguide panels 20. After the large- 
size light guide panel 140 and the optical waveguide 
panels 20 are joined to each other, the adhesive is 5 
cured. 

[0119] The actuator board 32 of each of the display 
elements 14 may be warped due to shrinkage caused 
when it is baked, and the display device 1 4 may also be 
warped in its entirety due to the warpage of the actuator 10 
board 32. 

[0120] However, since the display elements 14 are 
fixed to the large-size light guide panel 140 by the ad- 
hesive, the entire principal surface (display surface) of 
the optical waveguide panel 20 is fixed to the large-size 15 
light guide panel 140 by the adhesive. Any warpage of 
the display element 14 is absorbed by the adhesive, al- 
lowing the display element 14 to be firmly fixed to the 
large-size light guide panel 140. 

[0121] The substance 130 interposed between the 20 
large-size light guide panel 140 and the display ele- 
ments 14 may comprise a matching oil rather than the 
adhesive. The matching oil is in a liquid or grease phase, 
and may be an organic material or an inorganic material 
insofar as it has a good light transmittance in the visible 25 
wavelength range. The matching oil should preferably 
be a material which has excel lent wettability with respect 
to the large-size light guide panel 140 and is stable over 
a long period of time with respect to heat, light, and hu- 
midity. Specifically, the matching oil may be dimethyl sil- 30 
icone oil, methylphenyl silicone oil, glycerin, di-2-ethyl- 
hexyl phthalate, silicone grease, optical gel, or the like. 
[0122] If the matching oil is in a liquid phase, then it 
should have a viscosity in the range from 100 to 1000 
cSt to allow air bubbles from being removed with ease 35 
when it is applied and also to prevent the matching oil 
from flowing and sagging too much. 
[0123] Use of the matching oil is not significantly ef- 
fective to absorb warpage of the display elements 14, 
but makes the display apparatus highly reparable for 40 
easy replacement of any defective display elements 14. 
[0124] Then, the driver board 118 is attached to the 
wiring boards 114 of the display elements 14 and elec- 
trically connected thereto. In this manner, the display ap- 
paratus 10A according to the first embodiment is com- 45 
pleted. 

[0125] Before the display elements 14 are bonded to 
the large-size light guide panel 140, a light absorbing 
member 210 may be disposed around each of the dis- 
play elements 14 as shown in FIG. 11. The light absorb- 50 
ing member 21 0 is effective to reduce leakage light 21 2 
applied to the large-size light guide panel 140 from be- 
hind the display elements 1 4, thus making the joints be- 
tween the display elements 14 less annoying to the eye 
and increasing the contrast of displayed images. 55 
[0126] The light absorbing member 210 may also be 
used as a sealing member for sealing the peripheral 
edges of each of the display elements 14. The light ab- 



sorbing member 210 doubling as the sealing member 
prevents the matching oil or the adhesive as the sub- 
stance 130 disposed between the large-size light guide 
panel 140 and the display elements 14 from entering the 
display elements 14, thus preventing the quality of dis- 
played images from being lowered. 
[0127] The light absorbing member 210 doubling as 
the sealing member may made of a mixture of an epoxy 
adhesive, a fine silica powder, and a black pigment or 
dye. The epoxy adhesive has a function to increase the 
adhesion of the light absorbing member 210 to the dis- 
play elements 14 (adhesiveness). The fine silica powder 
has a function to keep the light absorbing member 21 0 
in its shape (non-flowability). The black pigment or dye 
has a function to absorb leakage light (light absorption). 
The fine silica powder should preferably have a particle 
diameter ranging from 0.1 to 1 0 urn and more preferably 
from 1 to 5 urn. 

[0128] The ratio of the epoxy adhesive, the fine silica 
powder, and the black pigment or dye of the light ab- 
sorbing member 21 0 is preferably represented by 1 : 0.5 
- 2 : 0.005 - 0.1 or more preferably 1 : 1.4 - 1.8 : 0.01 - 
0.05. Any of a silicone adhesive, a modified silicone ad- 
hesive, a polysulfide adhesive, a polyurethane adhe- 
sive, an acrylic adhesive, an epoxy adhesive, an SBR 
adhesive, and a butyl rubber adhesive maybe used in- 
stead of the epoxy adhesive. A fine resin powder, a fine 
ceramic power, a fine carbon powder, or the like may be 
used instead of the fine silica powder. 
[01 29] The surface of the light absorbing member 21 0 
should preferably be coated with a repellant oil such as 
silicone oil, fluorine oil, or the like for repelling the sub- 
stance 130 and preventing the substance 130 from be- 
ing deteriorated. 

[0130] The light absorbing member 210 may be 
formed by a printing process, a dispenser, or a stamping 
process. 

[0131] Before the display elements 14 are bonded to 
the large-size light guide panel 140, a light absorbing 
layer 214 should preferably be applied to an area that 
appears as a bright defect as shown in FIG. 11. The 
bright defect is an area which is visually recognized as 
a white dot when a black image or a dark background 
is displayed by the display apparatus. A light spot 
caused by such a bright defect is absorbed by the light 
absorbing layer 214, making the bright defect less vis- 
ually perceptible. 

[0132] The bright defect may be caused by the con- 
tact of the upper surface of the pixel assembly 30 with 
the optical waveguide panel 20 at all times due to a fail- 
ure of the actuator 22 to be displaced, a defect present 
in the optical waveguide panel 20 which is a component 
of the display element 1 4 or a defect present in the large- 
size light guide panel 140, or foreign matter mixed with 
the substance 130. 

[0133] For applying the light absorbing layer 214 to 
an area that appears as a bright defect, the display sur- 
face of the display element 14 is visually checked with 
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a microscope or measured with a luminance meter while 
the display element 14 is being energized, and the po- 
sition of a bright defect is detected based on the visually 
checked information or the luminance information. 
Then, the light absorbing layer 214 is applied to an area 
corresponding to the detected bright defect in the sur- 
face of the optical waveguide panel 20, using an appli- 
cator. Alternatively, the light absorbing layer 214 may be 
applied manually while the display surface of the display 
element 14 is being visually checked with a microscope 
or measured with a luminance meter. 
[0134] In FIG. 11, the light absorbing layer 214 is ap- 
plied to the optical waveguide panel 20 of each of the 
display elements 14. However, the light absorbing layer 
214 may be applied to the surface of the large-size light 
guide panel 140 which confronts each of the display el- 
ements 14. 

(01 35] A bright defect based on a defect in the large- 
size light guide panel 1 40 may be concealed by applying 
the' light absorbing layer 214 to the display surface of 
the large-size light guide panel 140. 
[0136] The light absorbing layer 214 should prefera- 
bly be made of a material which scatters less light and 
will not be degraded in contact with the substance 130 
such as a matching oil, an adhesive, or the like, and may 
be made of a resin containing a black pigment or dye or 
a metal film. The material of the light absorbing layer 
214 should preferably be of good affinity with respect to 
the base (the optical waveguide panels 20 and the large- 
size light guide panel 140), and have good bondability 
to the base. 

[0137] The light absorbing layer 214 should prefera- 
bly have a thickness in the range from 0.1 to 1 00 ^m, or 
more preferably from 1 to 50 \im. The light absorbing 
layer 214 may be applied by a printing process, a dis- 
penser, a stamping process, or a photolithographic 
process. 

[0138] Preferred arrangements of the display device 
14 will be described below. According to a first arrange- 
ment, as shown in FIGS. 11 through 12C, projections 
216 are disposed on the surface of the optical 
waveguide panel 20 which faces the large-size light 
guide panel 140. 

[0139] The projections 216 may be dot-like projec- 
tions 216a as shown in FIG. 12A, two strip-like projec- 
tions 216b as shown in FIG. 12B, or a frame-like projec- 
tion 216c as shown in FIG. 12C. 

[0140] If the projections 21 6 comprise dot-like projec- 
tions 216a, then they should preferably be at least three 
dot-like projections as shown in FIG. 12A. Specifically, 
four dot-iike projections 216a may be disposed respec- 
tively on four corners of the optical waveguide panel 20, 
as shown in FIG. 13 A, or a number of dot-like projections 
216a may be arranged along the sides of the optical 
waveguide panel 20, as shown in FIG. 13B. 
[0141] Alternatively, as shown in FIG. 14A, four dot- 
like projections 216a may be disposed respectively on 
four corners of the optical waveguide panel 20, and an- 



other dot-like projection 216a may be disposed at the 
center of the optical waveguide panel 20. As shown in 
FIG. 14B, a number of dot-like projections 216a may be 
arranged in a matrix. If the number of dot-like projections 

5 21 6a is small, then the flowability of the substance 1 30 
such as a matching oil or the like is increased, and local 
surface irregularities of the large-size light guide panel 
140 and foreign matter mixed with the substance 130 
such as a matching oil or the like are less influential. If 

10 the number of dot-like projections 216a is large, then 
they can scatter stresses applied when the large-size 
light guide panel 140 is deformed. 
[0142] If the projections 216 comprise strip-like pro- 
jections, a single strip-like projection may be employed. 

15 However, it is preferable to use two strip-like projections 
216b spaced from each other, as shown in FIG. 12B. 
[0143] According to a second arrangement, although 
not shown, three or more projections 216 are disposed 
on the surface of the large-size light guide panel 140 

20 which faces the display element 14 and within a region 
corresponding to one display element 14. 
[0144] In these arrangements, if the dot-like projec- 
tions 216a are employed, then the three or more dot- 
like projections 216a should preferably be spaced from 

25 the closest side of the display element 14 by a distance 
of L/3 or less where L represents the length of the longer 
sides of the display element 14, as shown in FIG. 12A. 
[01 45] The projections 21 6a should preferably be dis- 
posed in locations corresponding to the pillars 42 (see 

30 FIG. 1) in the display element 14. Even when pressing 
forces are applied to the projections 216a due to a de- 
formation of the large-size light guide panel 140, the op- 
tical waveguide panel 20 is prevented from being de- 
formed or damaged because the pressing forces are 

35 borne by the pillars 42, and light emitted from the pixel 
is prevented from being scattered in part by the projec- 
tions 216a. 

[0146] According to a third arrangement, as shown in 
FIG. 15, beads 220 are mixed with the substance 130 

40 such as a matching oil or the like which is interposed 
between the large-size light guide panel 140 and the dis- 
play elements 20. The beads 220 may be of a spherical 
shape, a cylindrical shape, a prismatic shape, or the like,' 
but should preferably be of a spherical shape or a cylin- 

45 drical shape. The beads 220 have a specific gravity 
which should preferably be equal to the specific gravity 
of the substance 130. 

[0147] In the above display apparatus, the large-size 
light guide panel 140 may be warped due to the heat 

50 generated when the d isplay elements are energized and 
also when light from the light source 16 is absorbed by 
the black matrix or the like. If the large-size light guide 
panel 140 is warped, then the internal pressure of the 
substance 130 which is present between the large-size 

55 light guide panel 140 and the display elements 14 which 
are bonded to the large-size light guide panel 140 differs 
between peripheral and central areas of the display el- 
ements 14. 



13 



m 



EP 1 245 988 A2 



26 



[0148] Air bubbles then tend to be introduced into the 
region of the substance 1 30 where the internal pressure 
is lower. When air bubbles are present in the substance 
1 30 between the display elements 14 and the large-size 
light guide panel 140, light passing from the display el- 5 
ements 14 through the substance 130 is applied to the 
airbubblesand scattered or refracted by the air bubbles, 
and visually recognized as light emitted from adjacent 
pixels, resulting in a cross-talk image or a black dot de- 
fect 10 
[0149] According to the first embodiment, however, 
the projections 216 formed on the optica! waveguide 
panel 20 or the large-size light guide panel 140 or the 
beads 22 mixed with the substance 1 30 create a gap 
between the display elements 14and the large-size light 15 
guide panel 140, allowing the substance 1 30 to flow well 
between the display elements 1 4 and the large-size light 
guide panel 140. As a result, even when a differential 
pressure is developed in the substance 130 due to a 
deformation of the large-size light guide panel 140 upon 20 
energization of the display apparatus, the substance 
130 flows to reduce the differential pressure, preventing 
air bubbles from being introduced into the substance 
130. 

[0150] Inasmuch as the substance 1 30 has good flow- 25 
ability, the display elements 14 can easily be removed 
and repaired. 

[0151] The projections 216 and the beads 220 should 
preferably have a good light transmittance in the visible 
wavelength range, and have a refractive index substan- 30 
tially equal to the refractive index of the substance 1 30. 
The projections 216 and the beads 220 should prefera- 
bly have a height in the range from several \im to 1 mm 
and more preferably from 20 urn to 500 urn. 
[0152] The projections 216 and the beads 220 may 35 
be made of an organic material or an inorganic material, 
and may be made of glass, quartz, light-transmissive 
alumina, acrylic resin, epoxy resin, silicone resin, meth- 
acrylicresin, polycarbonate, vinyl chloride, phenolic res- 
in, vinyl acetate, ABS, fluoroplastics, unsaturated poly- *o 
ester, or the like, either singly or in combination, and 
should not swell in the material 130. 
[0153] The projections 216 may be formed by bonding 
any of these materials or coating the surface with a I iquid 
precursor and then curing the applied liquid precursor. 45 
According to the latter process, the precursor to the pro- 
jections 216 should preferably be thixotropic in order to 
keep close contact with the base (the optical waveguide 
panels 20 and the large-size light guide panel 140) and 
the shape (height) of the projections 216. so 
[0154] If the projections 216 are made of a light ab- 
sorbing material, they have a function as a black matrix 
to achieve increased contrast. 

[0155] The projections 216 may be fabricated by 
forming the precursor to the projections 216 according 55 
to a printing process, a dispenser, or a stamping proc- 
ess, and then solidifying the precursor. 
[0156] According to a- fourth arrangement, banks 



222A, 222B are disposed on the reverse side of the dis- 
play elements 14 for preventing the substance 1 30 such 
as a matching oil, an adhesive, or the like present be- 
tween the large-size liquid panel 140 and the display el- 
ements 14 from flowing onto the reverse side of the dis- 
play elements 14. The banks 222A, 222B are formed 
along the peripheral edges of the display elements 14 
on their reverse side. In FIGS. 11, 15, and 16, the two 
banks 222A, 222B are disposed on the reverse side of 
each of the display elements 14. The outer bank 222B 
may be lower and the inner bank 222B may be higher 
as shown in FIGS. 11 and 15, or the outer bank 222B 
may be higher and the inner bank 222B may be lower 
as shown in FIGS. 16. 

[0157] The plural banks 222A, 222B should prefera- 
bly be provided to effectively prevent the substance 1 30 
from flowing onto the reverse side of the display ele- 
ments 14. With the plural banks 222A, 222B, if a sealing 
structure shown in FIG. 17 is employed, then when a 
second sealing member 226 enters between the banks 
222A, 222B, air bubbles tend to remain therein, and tend 
to lower the quality of displayed images when they move 
onto the surface of the optical waveguide panels 20. It 
is thus important to make the heights of the banks 222A, 
222B different from each other to allow the air bubbles 
to be easily discharged, as shown in FIGS. 11 and 16. 
[0158] The banks 222A, 222B thus provided are ef- 
fective to prevent the substance 130, which would im- 
pair the sealing capability of the second sealing member 
226, from flowing onto the reverse side of the display 
elements 14 and thus prevent ICs mounted on the re- 
verse side of the display elements 14 from being im- 
mersed in the substance 130. The display elements 14 
can easily be removed by pulling up the banks 222A, 
222B, and hence can easily be repaired. 
[0159] The banks 222A, 222B may be made of a ma- 
terial such as silicone, epoxy resin, or the like which 
does not swell in the substance 130 and which should 
preferably be not flowable as they need to be high in 
shape. 

[0160] The banks 222A, 222B should preferably be 
formed by a dispenser or a stamping process. Wall-like 
structural members may be bonded in position to serve 
as the banks 222A. 222B. 

[0161] For sealing the gap between the display ele- 
ments 14, a first sealing member 224 is placed between 
the light absorbing members 210 on the peripheries of 
the display elements 14 to seal the gap between the dis- 
play elements 14, as shown in FIG. 17, and then the 
second sealing member 226 is placed on the peripher- 
ies of the display elements 14 including the first sealing 
member 224, i.e., the regions including the banks 222A, 
222B in FIG. 17, thus providing a dual sealing structure 
between the display elements 14. 
[0162] The first sealing member 224 should prefera- 
bly be made of a material whose specific gravity is small- 
er than the substance 130 and which can be cured rel- 
atively rapidly by ultraviolet radiation or visible light, in 
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order to minimize the entry of the first sealing member 
224 into the substance 130. The material of the first seal- 
ing member 224 should preferably be transparent and 
have a refractive index equal to the refractive index of 
the substance 1 30 t so that the first sealing member 224 5 
will not be visually perceptible even if it enters the sub- 
stance 1 30. 

[0163] The second sealing member 226 may be ap- 
plied so as to cover part of the reverse side of the display 
elements 1 4 since the substance 1 30 has already been 10 
prevented from seeping out by the first sealing member 
224. The second sealing member 226 may be made of 
a material of excellent adhesion and mechanical 
strength without regard to optical characteristics. 
[0164] As shown in FIG. 18, if the display apparatus 15 
comprising the array of display elements 14 mounted 
on the large-size light guide panel 140 is vertically in- 
stalled, the substance 1 30 such as a matching oil or the 
like present between the large-size light guide panel 1 40 
and the display elements 14 falls by gravity and causes 20 
some of the display elements 14 bulge laterally in a low- 
er portion of the large-size light guide panel 140. At this 
time, an internal pressure in an upper portion of the 
large-size light guide panel 140 drops, tending to draw 
in air from regions which are not strongly sealed. 25 
[0165] It is therefore preferable to employ first and 
second countermeasure arrangements as shown in 
FIGS. 19 through 20B. According to the first counter- 
measure arrangement, as shown in FIG. 19, the display 
elements 14 are bonded to the large-size light guide 30 
panel 140 by an adhesive applied to the extent that will 
not adversely affect the reparability of the display appa- 
ratus. For example, each display element 14 is bonded 
at about four bonding points thereon by the adhesive. 
The display elements 1 4 thus bonded are capable of re- 35 
ducing any gravity-induced bulge caused in the lower 
portion of the large-size light guide panel 1 40 by the sub- 
stance 1 30. 

[0166] According to the second countermeasure ar- 
rangement, as shown in FIGS. 20A and 20B, the area *o 
where the substance 130 such as a matching oil or the 
like is present between the large-size light guide panel 
140 and the display elements 14 is divided into a plural- 
ity of areas by an adhesive layer 230. In FIGS. 20A and 
20B, the area where the substance 1 30 is present is di- 45 
vided into four areas by the adhesive layer 230 applied 
in a criss-cross pattern. The display apparatus remains 
sufficiently reparable by reducing the area which is coat- 
ed with the adhesive layer 230. The adhesive layer 230 
is also effective in reducing any gravity-induced bulge so 
caused in the lower portion of the large-size light guide 
panel 140 by the substance 130. 
[0167] A display apparatus according to a second em- 
bodiment of the present invention will be described be- 
low with reference to FIG. 21 . 55 
[0168] As shown in FIG. 21, the display apparatus 
1 0B according to the second embodiment is of substan- 
tially the same structure -as the display apparatus 10A 



according to the first embodiment, but has a plurality of 
display modules 144 disposed on the principal surface 
of the large-size light guide panel 140. 
[0169] Each of the display modules 144 comprises a 
plurality of display elements 14 bonded to a module op- 
tical waveguide panel 142. The light-transmissive sub- 
strate 130 whose refractive index has been adjusted is 
interposed between the large-size light guide panel 140 
and the module optical waveguide panels 142. 
[0170] The module optical waveguide panel 142 
should preferably have a size which is an integral mul- 
tiple of the size of the display element 14. In FIG. 21, 
the module optical waveguide panel 1 42 has a thickness 
which is substantially the same as the thickness of the 
optical waveguide panel 20 of the display element 14, 
and has a size corresponding to the vertical length of 
the display surface of the large-size light guide panel 
140. 

[0171] A substance 141 by which the display ele- 
ments 14 are bonded to the module optical waveguide 
panel 142 may be an adhesive having a refractive index 
which is the same as the refractive index of the sub- 
stance 130, the adhesive being solidified after being 
cured in order to prevent the display elements 14 from 
being positionally displaced. The substance 141 should 
preferably be an adhesive which is flexible after being 
cured or a rubber-like adhesive in order to reduce ther- 
mal expansion. The entire principal surface (display sur- 
face) of the optical waveguide panel 20 of each display 
element 14 is fixed to the module optical waveguide 
panel 142 by the substance 141 (adhesive). When thus 
fixed, any warpage of the display element 14 is ab- 
sorbed by the substance 141, allowing the display ele- 
ment 14 to be firmly fixed to the module optical 
waveguide panel 142. 

[0172] In FIG. 21, the light from the light sources 104 
is introduced through end faces of the large-size light 
guide panel 140 into the large-size light guide panel 140, 
the module optical waveguide panels 142, and the op- 
tical waveguide panels 20 of the display elements 14. 
However, the light from the light sources 104 may be 
introduced into the large-size light guide panel 140, the 
module optical waveguide panels 142, and the optical 
wavegu ide panels 20 of the display elements 1 4 through 
end faces of those module optical waveguide panels 
which are disposed in outer peripheral edges of the 
large-size light guide panel 140 and end faces of those 
optical waveguide panels 20 which are disposed in outer 
peripheral edges of the large-size light guide panel 140 
as well as the end faces of the large-size light guide pan- 
el 140. 

[01 73] When the display apparatus 1 0B according to 
the second embodiment is fabricated using the array of 
display modules 144, the joints between the display 
modules 144 are made almost visibly inappreciable as 
with the display apparatus 1 0A according to the first em- 
bodiment. The display apparatus 1 0B is also of excellent 
reparability. 
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[0174] The substance 141 interposed between the 
module optical waveguide panels 142 and the display 
elements 14 may comprise a matching oil rather than 
the adhesive for making the display elements 14 more 
reparable. 5 
[0175] The display apparatus 10B according to the 
second embodiment can be manufactured by the proc- 
ess for manufacturing the display apparatus 10A ac- 
cording to the first embodiment. Particularly, it is prefer- 
able to polish the end faces of the module optical 10 
waveguide panels 142 to a mirror finish. The mirror-fin- 
ish end faces of the module optical waveguide panels 
142 are effective to lower any light leakage from the 
joints therebetween to an annoyance-free level, making 
the joints almost visibly inappreciable. Since the mirror- 15 
finish end faces of the module optical waveguide panels 
142 allow the light from the light source 104 to reach the 
large-size light guide panel 140, a desired angle of view 
can be achieved. In polishing the end faces of the mod- 
ule optical waveguide panels 142 to a mirror finish, it is 20 
preferable to reduce Rmax to 0.3 or less, or 0.05 or less 
more preferably, to reduce any light leakage from the 
joints therebetween to an annoyance-free level. 
[0176] In machining the module optical waveguide 
panel 142, the dimensional accuracy thereof should 25 
preferably be ± 0.1 mm or less with respect to a refer- 
ence dimension 100 mm, the squareness between end 
faces and the squareness between end faces and sur- 
faces should preferably be 0.1 mm or less, and the par- 
allelism between end faces and the parallelism between 30 
surfaces should preferably be 0.1 mm or less. The di- 
mensional accuracy thereof should more preferably be 
± 0.03 mm or less with respect to a reference dimension 
100 mm, the squareness between end faces and the 
squareness between end faces and surfaces should 35 
more preferably be 0.03 mm or less, and the parallelism 
between end faces and the parallelism between surfac- 
es should more preferably be 0.03 mm or less. 
[0177] In the display apparatus 10B according to the 
second embodiment, as shown in FIGS. 22 and 23, it is *o 
preferable to provide light absorbing members 210 on 
the peripheries of the display elements 14, apply a light 
absorbing layer 214 to an area that appears as a bright 
defect, and provide projections 216 to make the sub- 
stances 1 30, 141 flowable, as with the display apparatus 45 
10A according to the first embodiment. 
[0178] The light absorbing layer 214 for concealing a 
bright defect may be applied to a surface 1 42a (see FIG. 
22) or a reverse side 142b (see FIG. 23) of the module 
optical waveguide panel 142. The projections 216 for so 
making the substances 130, 141 flowable may be pro- 
vided on the surface 142a and the reverse side 142b of 
the module optical waveguide panel 142. 
[0179] As shown in FIG. 24, the projections 216 may 
be provided on the surface 142a and the reverse side 55 
1 42b of the module optical waveguide panel 1 42, or may 
be provided on a surface 20a (confronting the module 
optical waveguide panel -142) of the optical waveguide 



panel 20 of the display element 14 and a reverse side 
140a (confronting the module optical waveguide panel 
142) of the large-size light guide panel 140. Thus, the 
projections 216 may be positioned in various combina- 
tions. 

[0180] Alternatively, as shown in FIG. 25, beads 220 
may be mixed with the substance 130 such as a match- 
ing oil or the like which is interposed between the mod- 
ule optical waveguide panel 142 and the large-size light 
guide panel 140. Conversely, as shown in FIG. 26, 
beads 220 may be mixed with the substance 141 such 
as a matching oil or the like which is interposed between 
the display elements 14 and the module optical 
waveguide panel 142. 

[0181] As shown in FIG. 27, beads 220 may be mixed 
with the substance 1 30 which is interposed between the 
module optical waveguide panel 142 and the large-size 
light guide panel 140, and also with the substance 141 
which is interposed between the display elements 14 
and the module optical waveguide panel 142. 
[0182] A display apparatus 10C according to a third 
embodiment of the present invention will be described 
below with reference to FIGS. 28 through 34. 
[0183] As shown in FIG. 28, a display apparatus body 
102 is incorporated in a frame 100 made up of transpar- 
ent plates 100a, 100b, 100c, 100d. 
[01 84] The frame 1 00 is constructed of an upper plate 
100a, a lower plate 100b, and two side plates 100c, 
1 0Od, each having a prismatic shape and made of acryl- 
ic resin. The light sources 104 are mounted on respec- 
tive outer sides of the frame 1 00. Each of the light sourc- 
es 104 comprises a number of cold cathode-ray tubes 
106 and a reflector 108 for reflecting light from the cold 
cathode-ray tubes 106 toward the frame 10. 
[0185] The display apparatus body 102 comprises a 
matrix of display blocks 110. Each of the display blocks 
110 has a size (area) large enough for at least one dis- 
play element 14 is fixed thereto. For example, as shown 
in FIG. 29, the display block 110 comprises a separate 
light guide panel 112 of acrylic resin into which light from 
the light source 1 04 is introduced, and at least one dis- 
play element 14 fixed to a principal surface of the sep- 
arate light guide panel 112. 

[0186] in FIG. 29, four display elements 14 are ar- 
ranged in two rows and two columns on the separate 
light guide panel 112, with a wiring board 114 mounted 
on the reverse side of the actuator board 32 of each of 
the display elements 14. The substance 130 such as a 
matching oil or the like is interposed between the sepa- 
rate light guide panel and the display elements. 
[0187] In FIG. 29, the display element 14 which has 
the optical waveguide panel 20 and the actuator board 
32 and the wiring board 114 are attached to the separate 
light guide panel 112. However, as shown in FIG. 30, 
the display element 14 which is free of the optical 
waveguide panel 20 and the wiring board 114 may be 
attached to the separate light guide panel 112. 
[0188] With the display apparatus 10C according to 
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the third embodiment, the display blocks 110 are ar- 
ranged in a matrix within an opening 122 in the frame 
100. As shown in FIG. 31, a light-transmissive substrate 
131 whose refractive index has been adjusted is inter- 
posed between end faces of the display blocks 110 and 5 
between the display blocks 110 and the inner wall sur- 
faces of the frame 1 00. 

[01 89] The difference between the refractive index of 
the substance 131 and the refractive index of the display 
blocks 1 1 0 should preferably be as small as possible to 10 
reduce any light leakage from the joints between the dis- 
play blocks 110 to an annoyance-free level. An allowa- 
ble difference between those refractive indexes, which 
is related to the thickness of the display blocks 110, 
should preferably satisfy the following condition: *5 

0.9N 1 < N 2 < 1.1Ni 

where N t is the thickness of the separate light guide 20 
panels 112 and N 2 is the refractive index of the sub- 
stance 131. 

[0190] If 0.99N.J < N 2 < 1.01 N 1t then the thickness of 
the separate light guide panels 112 can be increased, 
thus increasing the ease with which to assemble the 25 
structural body and the stability of the assembled struc- 
tural body. 

[0191] Due to a structural limitation posed by the array 
of the display blocks 110, as shown in FIG. 32, the pitch 
Pb of a pixel extending across a joint tends to be larger 30 
than the pitch Pa of an ordinary pixel, making the joint 
visually noticeable. Thus, the refractive index N 2 of the 
substance 131 should preferably be adjusted to the 
range: 

35 

<N 2 < 1.01N 1 

When light emitted from a pixel passes through the joint, 
the light is refracted owing to the relationship between *o 
the refractive indexes N 1t N 2 thus adjusted. When the 
light is emitted from the display surface, the pitches Pc, 
Pa of pitches extending across the joint become close 
to the pitch Pa (Pa < Pc < Pb, Pa < Pd < Pb), reducing 
any light leakage from the joints to an annoyance-free 45 
level. 

[0192] The light transmittance of the substance 131 
with respect to incident light applied perpendicularly 
thereto in the visible wavelength range should prefera- 
bly be 50 % or higher, or more preferably be 70 % or so 
higher, in order to introduce light efficiently into the dis- 
play elements 14 and reduce the power consumption. 
[0193] The substrate 131 may be in any phase such 
as a gas, a liquid, a solid, or a mixture thereof insofar 
as it satisfies the above condition. 55 
[01 94] The separate light guide panels 1 1 2 may be of 
any shape, such as a rectangular parallelepiped, a 
prism, a cylinder, a frustum of a pyramid, or the like in- 



sofar as the display elements 14 can be fixed thereto 
and the separate light guide panels 112 can stably be 
stacked. However, a rectangular parallelepiped is pref- 
erable for machining and assembling processes. 
[0195] The separate light guide panels 112 should 
preferably have a vertical dimension ranging from 40 
mm to 500mm and a horizontal dimension ranging from 
40 mm to 500 mm for assembling and repairing proc- 
esses. The thickness of the separate light guide panels 
112 should preferably in the range from 2 mm to 40 mm 
in order to facilitateto assemble them and prevent the 
joints from being visually perceived. 
[0196] The separate light guide panels 11 2, the upper 
plate 100a, the lower plate 100b, and the side plates 
1 00c, 1 0Od of the frame 1 00 may be made of an organic 
material or an inorganic material insofar as it has good 
light transmittance in the visible wavelength range. Spe- 
cifically, they may be made of glass, quartz, light-trans- 
missive alumina, acrylic resin, methacrylic resin, poly- 
carbonate, vinyl chloride, phenolic resin, vinyl acetate, 
ABS, fluoroplastics, unsaturated polyester, or the like, 
either singly or in combination. Of these materials, par- 
ticularly preferable are glass, acrylic resin, and meth- 
acrylic resin from the standpoint of cost and machina- 
bility. If the above members are made of glass, then they 
should preferably be made of Vycor glass, 96 % silicate 
glass, aluminosilicate glass, borosilicate glass, zinc 
borosilicate glass, barium borosilicate glass, or the like. 
The light transmittance of the above members with re- 
spect to incident light applied perpendicularly thereto in 
the visible wavelength range should preferably be 50 % 
or higher, or more preferably be 70 % or higher. 
[0197] The substance 131 may be an adhesive hav- 
ing a refractive index which is substantially the same as 
the frame 100 and the separate light guide panels 112. 
[0198] A process of manufacturing the display appa- 
ratus 10C according to the third embodiment will be de- 
scribed below. First, the surface of each of the separate 
light guide panels 112 of the display blocks 110 is treat- 
ed. Specifically, the surface of the separate light guide 
panel 112 is coated with a hard coating material. The 
surface of the separate light guide panel 112 thus coated 
is prevented from being scratched, so that the display 
apparatus 10C is prevented from producing local white 
dots when a black image is displayed thereon and also 
from having an overall increase in its luminance. 
[0199] The surface of the separate light guide panel 
112 is coated with a hard coating material by forming a 
film of a material harder than the material of the separate 
light guide panel 112 on the surface of the separate light 
guide panel 112. While it is important to coat both face 
and reverse sides of the separate light guide panel 112 
for preventing them from being scratched, end faces 
thereof do not necessarily need to be coated. The hard . 
coating material may be an acrylic hard coating material 
or a silicone hard coating material. 
[0200] Then, the end faces of the separate light guide 
panel 112 are polished to a mirror finish. The mirror-fin- 
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ish end faces of the separate light guide panel 112 are 
effective to lower any light leakage from the joints ther- 
ebetween to an annoyance-free level, making the joints 
almost visibly inappreciable. Since the mirror-finish end 
faces of the separate light guide pane! 112 allow the light s 
from the light source 104 to reach all the display blocks 
110, a desired angle of view (depending on the number 
of the display blocks 110) can be achieved. In polishing 
the end faces of the separate light guide panel 112 to a 
mirror finish, it is preferable to reduce Rmax to 0.3 or 10 
less, or 0.05 or less more preferably, to reduce any light 
leakage from the joints therebetween to an annoyance- 
free level. 

[0201] In machining the separate light guide panel 
112, the dimensional accuracy thereof should preferably 15 
be ± 0. 1 mm or less with respect to a reference dimen- 
sion 100 mm, the squareness between end faces and 
the squareness between end faces and surfaces should 
preferably be 0.1 mm or less, and the parallelism be- 
tween end faces and the parallelism between surfaces 20 
should preferably be 0.1 mm or less. The dimensional 
accuracy thereof should more preferably be ± 0.03 mm 
or less with respect to a reference dimension 100 mm, 
the squareness between end faces and the squareness 
between end faces and surfaces should more preferably 25 
be 0.03 mm or less, and the parallelism between end 
faces and the parallelism between surfaces should 
more preferably be 0.03 mm or less. 
[0202] With the separate light guide panels 112 thus 
machined, an accumulated pitch error produced when 30 
the display blocks 110 are successively stacked in the 
opening 122 in the frame 100 is reduced. As a result, 
the distortion of display images due to pixel pitch shifts 
is reduced reducing variations in the gaps of the joints 
and also reducing any light leakage from steps. The 35 
joints are thus made less visually perceptible by satis- 
fying the above machining conditions. 
[0203] The pitch of the pixels of the display elements 
14 should preferably match the distance between the 
pixels at the joints between the display elements 14, 40 
thus eliminating the difference between the pixel pitch 
in the display elements 1 4 and the pixel pitch at the joints 
between the display elements 14 for thereby reducing 
image distortions. 

[0204] Then, the display elements 14 are fixed in po- 45 
sition on the principal surface of each of the separate 
light guide panels 112. At this time, the separate light 
guide panel 112 and the optical waveguide panels 20 of 
the display elements 14 are held in confronting relation 
to each other, and an adhesive which is either fully so- so 
lidified (e.g., Benefix VL or Benefix a manufactured by 
Adel) or a flexible adhesive is applied between the sep- 
arate light guide panel 112 and the optical waveguide 
panels 20. After the separate light guide panel 1 1 2 and 
the optical waveguide panels 20 are joined to each oth- 55 
er, the adhesive is cured. 

[0205] The actuator board 32 of each of the display 
elements 14 may be warped due to shrinkage caused 



when it is baked, and the display device 1 4 may also be 
warped in its entirety due to the warpage of the actuator 
board 32. 

[0206] However, since the display elements 14 are 
fixed to the separate light guide panel 1 12 by the adhe- 
sive, the entire principal surface (display surface) of the 
optical waveguide panel 20 is fixed to the separate light 
guide panel 112 by the adhesive. Any warpage of the 
display element 14 is absorbed by the adhesive, allow- 
ing the display element 14 to be firmly fixed to the sep- 
arate light guide panel 112. 

[0207] Then, the two side plates 1 00c, 1 0Od are bond- 
ed to the lower plate 1 00b by a fully solidified adhesive, 
producing a channel-shaped frame body. 
[0208] Then, the display blocks 110 are successively 
stacked on the upper surface of the lower plate 1 00b of 
the channel-shaped frame body. At this time, a flexible 
adhesive 130 (e.g., XSG-1, XVL-14SG2 manufactured 
by Kyoritsu Chemical Industries or 3088B manufactured 
by ThreeBond Co., Ltd.) is applied between the lower 
plate 100b and the display block 110, between the side 
plates 100c, 100d and the display blocks 110, and be- 
tween the end faces of the display blocks 110. 
[0209] After all the display blocks 1 1 0 are stacked , the 
upper plate 100a of the frame 100 is attached in place, 
as shown in FIG. 16. At this time, a fully solidified adhe- 
sive is applied between the upper plate 100a and the 
side plates 100c, 100d, and a flexible adhesive is ap- 
plied between the upper plate 100a and the display 
block 110. Then, a certain load is applied downwardly 
to the assembly, keeping the display blocks 110 spaced 
substantially uniformly. Thereafter, the upper plate 100a 
and the side plates 100c, 100d are firmly fixed to each 
other. 

[0210] At this stage, the principal surfaces of display 
blocks 1 1 0 jointly make up a display surface. The display 
surface may have small steps due to variations in the 
thicknesses of the separate light guide panels 1 1 2 of the 
display blocks 110. If such small steps are present, then 
they should preferably be eliminated by polishing, for ex- 
ample. In this manner, the joints are made visibly inap- 
preciable. 

[021 1] Thereafter, the driver board 1 1 8 is attached to 
the wiring boards 114 of the display elements 14 and 
electrically connected thereto. In this manner, the dis- 
play apparatus 10C according to the third embodiment 
is completed. 

[0212] In the display apparatus 10C according to the 
third embodiment, as shown in FIG. 33, it is preferable 
to provide light absorbing members 210 on the periph- 
eries of the display elements 14, apply a light absorbing 
layer 214 to an area that appears as a bright defect, and 
provide projections 21 6 to make the substance 1 30 flow- 
able, as with the display apparatus 10A according to the 
first embodiment. Alternatively, as shown in FIG. 34, 
beads 220 may be mixed with the substance 130 such 
as a matching oil or the like which is interposed between 
the display elements 14 and the separate light guide 
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panels 112. 

[0213] A display apparatus 10D according to a fourth 
embodiment of the present invention will be described 
below with reference to FIGS. 35 through 41. 
[0214] The display apparatus 10D according to the 5 
fourth embodiment is of substantially the same structure 
as the display apparatus 10C according to the third em- 
bodiment, but differs therefrom primarily in that each dis- 
play block 110 is made up of only separate light guide 
panels 112. 10 
[021 5] Separate light guide panels 11 2 are stacked in 
the opening 122 in the frame 100 f and the frame 100 
and the stacked light guide panels 112 jointly make up 
the single large-size light guide panel 140. A plurality of 
display elements 14 are bonded to a module optical 15 
waveguide panel 1 42, providing a single display module 
144. A plurality of display modules 144 are bonded to 
the large-size light guide panel 140, thus producing the 
display apparatus 10D according to the fourth embodi- 
ment With this arrangement, the flexible adhesive 131 20 
is interposed between the frame 1 00, the separate light 
guide panels 112, and the end faces of the separate light 
guide panels 112. 

[0216] Each of the module optical waveguide panels 
142 has a size which is an integral multiple of the size 25 
of the separate light guide panel 112 or the display ele- 
ment 14. Preferably, it is preferable to select such an 
integral multiple as to align the joints between the mod- 
ule optical waveguide panels 142 with the joints be- 
tween the separate light guide panels 112. In FIG. 35, 30 
the module optical waveguide panels 142 have a thick- 
ness which is substantially the same as the thickness of 
the optical waveguide panels 20 of the display elements 
14, and a size equal to the size of a vertical array of 
separate light guide panels 1 1 2. Therefore, one module 35 
144 is assigned and fixed to a vertical array of separate 
light guide panels 112. 

[0217] When the display apparatus 10D according to 
the fourth embodiment is fabricated using the array of 
display blocks 110, the joints between the display blocks 40 
110 are made almost visibly inappreciable as with the 
display apparatus 10A according to the first embodi- 
ment The display apparatus 10D is also of excellent 
reparability, can be assembled at site, and can be man- 
ufactured at a reduced cost. 45 
[0218] As shown in FIG. 36, it is preferable to provide 
light absorbing members 210 on the peripheries of the 
display elements 14, apply a light absorbing layer 214 
to an area that appears as a bright defect, and provide 
projections 216 to make the substance 130 flowable, as so 
with the display apparatus 1 0A according to the first em- 
bodiment 

[0219] The light absorbing layer 214 for concealing a 
bright defect may be applied to a surface 1 42a (see FIG. 
36) or a reverse side 142b (see FIG. 37) of the module 55 
optical waveguide panel 142. The projections 216 for 
making the substances 130, 141 flowable may be pro- 
vided on the surface 142a and the reverse side 142b of 



the module optical waveguide panel 142. 
[0220] As shown in FIG. 38, the projections 216 may 
be provided on the surface 142a and the reverse side 
142b of the module optical waveguide panel 1 42, or may 
be provided on a surface 20a (confronting the module 
optical waveguide panel 142) of the optical waveguide 
panel 20 of the display element 14 and a reverse side 
140a (confronting the module optical waveguide panel 
142) of the large-size light guide panel 140. Thus, the 
projections 216 may be positioned in various combina- 
tions. 

[0221] Alternatively, as shown in FIG. 39, beads 220 
may be mixed with the substance 1 30 such as a match- 
ing oil or the like which is interposed between the mod- 
ule optical waveguide panel 142 and the large-size light 
guide panel 140. Conversely, as shown in FIG. 40, 
beads 220 may be mixed with the substance 141 such 
as a matching oil or the like which is interposed between 
the display elements 14 and the module optical 
waveguide panel 142. 

[0222] As shown in FIG. 41 , beads 220 may be mixed 
with the substance 1 30 which is interposed between the 
module optical waveguide panel 142 and the large-size 
light guide panel 140, and also with the substance 141 
which is interposed between the display elements 14 
and the module optical waveguide panel 142. 
[0223] According to the present invention, as de- 
scribed above, defective display elements can easily be 
replaced with a new one, and hence the display appa- 
ratus are of excellent reparability. Since cross-talk im- 
ages and black dots due to a warpage of the light guide 
panels are prevented from occurring, the display appa- 
ratus can display images of good quality. 
[0224] Although certain preferred embodiments of the 
present invention have been shown and described in 
detail, it should be understood that various changes and 
modifications may be made therein. 



Claims 

1 . A display apparatus comprising: 

a light guide panel (140) for introducing light 
from a light source (104) thereinto; 
at least two display elements (14) arrayed on a 
principal surface of said light guide panel (140); 
a first light-transmissive substance (130) 
whose refractive index has been adjusted, in- 
terposed at least between said light guide panel 
(140) and said display elements (14); and 
a second substance for making said first sub- 
stance (130) flowable, said second substance 
being interposed at least between said light 
guide panel (140) and said display elements 
(14). 

2. A display apparatus according to claim 1, wherein 



19 



EP1 245 988 A2 



38 



said first substance (1 30) comprises a matching oil. 

A display apparatus according to claim 1 or 2, 
wherein said second substance constitutes a light- 
transmissive member. 5 

A display apparatus according to any one of claims 
1 through 3, wherein said second substance is in- 
cluded in each of said display elements (14), and 
constitutes a projection (21 6) disposed on a surface 10 
of an optical waveguide panel (20) of each of said 
display elements (14) which confronts said light 
guide pane! (140), or a projection (216) disposed on 
a surface of said light guide panel (140) which con- 
fronts said display elements (14) and provided in an 15 
area corresponding to one of said display elements 
(14). 

A display apparatus according to any one of claims 
1 through 3, further comprising: 20 

a module optical waveguide panel (142) inter- 
posed between said light guide panel (140) and 
said display elements (14), providing a display 
module (144) including said display elements 25 
(14) therein; 

said first substance (130) being interposed at 
least between said module optical waveguide 
panel (142) and said display elements (14). 

30 

A display apparatus according to claim 5, wherein 
said second substance is included in each of said 
display elements (14), and constitutes a projection 
(216) disposed on a surface of an optical waveguide 
panel (20) of each of said display elements (14) 35 
which confronts said module optical waveguide 
panel (142), or a projection (216) disposed on a sur- 
face of said module optical waveguide panel (142) 
which confronts said display elements (1 4) and pro- 
vided in an area corresponding to one of said dis- 40 
play elements (14). 

A display apparatus according to any one of claims 
1 through 3, further comprising: 



45 

a module optical waveguide panel (142) inter- 
posed between said light guide panel (140) and 
said display elements (14), providing a display 
module (144) including said display elements 
(14) therein; so 
said first substance (130) being interposed at 
least between said light guide panel (140) and 
said module optical waveguide panel (142). 

A display apparatus according to claim 7, wherein 55 
said second substance is included in each of said 
display elements (14), and constitutes a projection 
(216) disposed on a surface of said module optical 



waveguide panel (142) which confronts said display 
elements (14) and provided in an area correspond- 
ing to one of said display elements (14), or a pro- 
jection (216) disposed on a surface of said light 
guide panel (140) which confronts said module op- 
tical waveguide panel (142) and provided in an area 
corresponding to one of said display elements (14). 

A display apparatus according to claim 4, 6, or 8, 
wherein said projection (216) comprises three pro- 
jections included in each of said display elements 
(14). 

10. A display apparatus according to claim 9, wherein 
said projections are disposed in respective posi- 
tions spaced from at least one side of each of said 
display elements (14) by a distance of at most L/3 
where L represents the length of a longer side of 
said display elements (14). 

11. A display apparatus according to claim 9 or 10, 
wherein each of said display elements (14) com- 
prises an optical waveguide panel (20), an actuator 
board (32), a plurality of pixel assemblies (30) dis- 
posed between said optical waveguide panel (20) 
and said actuator board (32), and pillars (42) dis- 
posed at four corners of each of said pixel assem- 
blies (30), said projections being positioned in align- 
ment with said pillars (42) of each of said display 
elements (14). 

12. A display apparatus according to any one of claims 
9 through 11, wherein said projections comprise 
light absorbing members. 

13. A display apparatus according to claim 4, 6, or 8, 
wherein said projection (216) comprises at least 
one strip-like projection in each of said display ele- 
ments (14). 

14. A display apparatus according to claim 4, 6, or 8, 
wherein said projection (216) comprises at least 
one frame-like projection in each of said display el- 
ements (14). 

15. A display apparatus according to claim 1, 2, 3, 5, or 
7, wherein said second substance constitutes 
beads (220) mixed with said first substance (130). 
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Abstract 

A novel micro-electro-mechanical system 
(MEMS) approach in waveguide panel displays 
(WPD) is described. High efficiency 
electromechanical spatial modulators, based on 
the use of frustrated total internal reflection, 
were demonstrated- Potential applications of the 
new display in HDTV using solid-state light 
emitting diode (LED) as a light source are 
discussed. 

Introduction 

Optical waveguides have long been sought as 
low-lose and low-cost media to construct panel 
displays. 1 One important issue is how to 
effectively extract light from the waveguides in the 
process of forming images. Electro-optical effect, 
thermal-optical effect, acoustic effect, and 
thermally generated bubbles have been described as 
methods of light extraction. 2 These methods, in one 
way or another, suffer from being inefficient for 
extracting light, being too slow for high resolution 
video display applications, and being too 
complicated for making low cost products. 
Therefore, an efficient, fast, and simple way of 
light extraction is needed. 

Recent development in the field of MEMS has 
provided us with inspirations for new approaches. 
Lukosz and coworkers demonstrated Si0 2 
micromechanical optical modulators for causing 
phase shift of light waves in waveguides. 3 This 
was achieved by changing a gap between an optical 
waveguide and an optical modulator and, thus, 
disturbing light propagation in the waveguide. 
Stern recently proposed the use of micromechanical 
modulators to construct flat-panel displays. 4 In his 
proposal, light extraction is caused by light 
scattering on a roughened SiN x modulator surface. 

In this presentation, we describe waveguide 
panel displays using highly efficient reflective 



electromechanical modulators. 

Operation Principle 

Figure 1 schematically illustrates the 
construction of the new display device. A light 
beam from a light source is coupled into a 
waveguide at one end. It then propagates along the 
waveguide until reaching a location where an 
optical modulator, which we call light switch, is on. 
Light switches are made of a transparent material. 
The on and off states of a light switch is determined 
by the gap between the lower surface x>f the 
modulator and the upper surface of the waveguide. 
When the gap is large, as compared to the 
wavelength of the light beam, the light beam 
propagates along the waveguide without being 
disturbed and therefore the light switch is off. 
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Figure 1. Schematic illustration of the operation 
principle of a WPD. 

However, when the gap is sufficiently small, the 
light beam tunnels though the gap, enters the light 
switch, and the light switch is on. In order to 
extract light efficiently from the waveguide into 
free space, reflective mirrors are embedded inside 
each light switch. The mirror plans are tilted at a 
proper angle so that the light beams are reflected 
perpendicularly out of the display screen. The 
mirrors are segmented to reduce the thickness of 
the modulator. The light switches are 
electrostatically actuated. Actuation voltages are 
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applied through a transparent conductive film on 
the upper surface of the waveguide, a metal film on 
the back-plate, and the metal-mirror films 
embedded in the light switch. 

A power transmission coefficient, the ratio of 
the powers of the tunneled light and the incident 
light, as a function of an air gap was calculated and 
the result is shown in Figure 2. 5 According our 
calculation, when the gap is less than 10 ran, more 
then 99% of all visible light tunnels through the 
gap. When the gap is larger than 1,500 ran, less 
than 0.01% of the visible light tunnels through the 
gap. Therefore, light switching takes place when 
the gap is varied between 10 and 1,500 ran. By 
using highly reflective mirrors in the light switches 
shown in Fig. 1, an overall light extraction 
coefficient of better than 90% can be achieved 




1 10 100 1000 10000 
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Figure 2. Light (TE mode) tunneling from one 
glass medium (medium 1) through an air gap into 
another glass medium (medium 3). The following 
parameters are used in the calculation: for red light: 
Xo=720 nm, nr=n 3 =1.512, n 2 =l, 9;=45 0 ; for blue 
light: A, o =450 nm, n 1 =n 3 =1.524, n 2 =l, 0r=45°. 

Results 

Working devices based on the principle shown 
in Fig. 1 have been demonstrated. Figure 3 
illustrates the construction of a concept device. 
Surface-mi cromachinirig processes were used to 
fabricate the device. 6 A 0.5-mm thick glass (BK-7 
from Schott) substrate was used as a planar 
waveguide. A transparent-conductive indium-tin 
oxide (ITO) film was deposited on the glass surface 
for applying an electrical bias. On top of the ITO 
film, a Si0 2 film was deposited as an insulating 



layer. Light switches were made of a polyimide 
material (PI-1 1 1 1 from DuPont). Each light switch 
consists of three layers. The first layer is a Ti0 2 - 
pigment-embedded polyimide film of 3-pn thick. 
This layer serves as a light diffuser. The second 
layer is a Cr/Au/Cr metal film of total 3,000 A 
thick, serving as an electrical conductor and an 
optical reflector. Chromium provides a good 
adhesion to polyimide and gold provides a good 
electrical conductivity. The third layer is a 
polyimide film, which balances the stress in the 
first polyimide film to maintain a flat light-switch 
structure. The width of each light switch is 230 
jim and the pitch distance between adjacent light 
switch is 300 Jim. The light switches are strip- 
shaped suspended beams that are affixed through 
end anchors onto the glass substrate. The gap 
between a freestanding light switch and a substrate 
surface is 1.2 ujtl A right-angle prism (BK-7 
glass) was bonded to the glass substrate and was 
used as a light coupler. From Fig. 3, the simplicity 
of the device structure is obvious. Simple device 
structures can potentially be fabricated by using 
low-cost production processes. 
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(planar waveg ukJe) 



1100 A ITO 
1700 A SO, 



Light out 
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I 1 
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Light switch 




PoJyimide/TrO, 
Cr/Au/Cr 



Figure 3. A schematic cross-section view of a 
concept device. The optical modulators are made 
of a Hght-diffusive polyimide material that contains 
Ti0 2 pigment particles. 

Figure 4 demonstrates light extraction and 
spatial modulation functions of the 
electromechanical light switches. As the light 
switches were turned on, one at a time, the 
movement of a light bar was clearly observed, as 
indicated by arrow marks in Figs. 4a, 4b, and 4c. 
Actuation voltage used in this experiment was 10 
V. Further reduction on the actuation voltage is 



iSSN0098-0966X798/2901-$1.00 + .00 (c) 1998 SID 




expected as low stress materials are used and 
improvements on mechanical structures are made. 
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Figure 4. Photographs showing light extraction and 
spatial modulation in an electrostatically driven 
device. Figure (a), (b), and (c) illustrate three light 
switches, as pointed by arrow marks, being turned 
on one at a time. An actuation voltage of 10 V was 
used The bright areas at lower-middle region of 
the images are due to a stray light from a light 
coupler. 

The device structure shown in Figs. 3 and 4 
proves to be robust. All testing experiments of the 



devices were conducted in ambient condition. No 
stiction problem was observed during the test. We 
attribute this to the hydrophobic surface property 
of the poryimide material used. The material (PI- 
1111 from DuPont) is a fluorinated polyimide and 
its chemical structure is believed to have 
contributed to the desired surface property. 

Operational devices containing light switches 
with segmented reflecting mirrors have also been 
constructed. Large sized channel waveguides and 
light switches were fabricated from transparent 
acrylic material by mechanical methods. The 
contact area between a light switch and a 
waveguides was as large as 12x12 mm 2 . These 
large light switches were brought into a close 
proximity with the waveguide surface by vacuum 
suction. An efficient light extraction was 
demonstrated. 

Discussions 

Various configurations can be used to apply 
electromechanical light switches in waveguide 
panel displays. Figure 5 illustrates a multiple- 
channel waveguide panel display, which we are 

Micro-lens Waveguide Core 

' Waveguide Cladding 
LED Array /^Vl sfKJ Light Switch 




Front Glass 

Figure 5. Schematic illustration of a waveguide 
panel display assembly. The diagram is not drawn 
in proportion to real dimensions. 

currently studying. A linear LED array is used as 
a side-lighting source. Light switches are in form 
of thin and long suspended beams. The crossing 
areas between light switches and channel 
waveguides form individual display pixels. The 
display operates in a line-scan mode with light- 
switches engaging sequentially one at a time and 
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the parallel driven LED array refreshing 
synchronically. In this configuration, line and 
column channels carry . electrical and optical 
signals, respectively; therefore, they are completely 
decoupled This significantly simplifies the design 
and construction of driving circuits. 

The display configuration shown in Fig. 5 
makes it possible to construct low-cost flat-panel 
displays based on the use of solid-state LEDs. 
Comparing to a matrix configuration, the number 
of LEDs in a waveguide panel display is 
significantly reduced For example, to make an 
XGA 1024x764 full-color display, a matrix display 
requires 1024x764x3=2,347,008 LEDs while the 
waveguide display requires, at most, 
1024x3=3,072 LEDs, which is almost a toree 
orders of magnitude reduction. The full color 
display can be realized by injecting light beams of 
all three red-green-blue primary colors into each 
channel waveguide. 

The advantages of using solid-state LEDs in 
flat panel displays are many. Solid-state LEDs are 
reliable, robust, and able to withstand extreme 
working temperatures. The commercially available 
(AlGaAs and InGaN) LEDs of all three primary 
colors are purer than the NTSC (National 
Television System Committee) television standard, 
therefore, the new display can provide a broader 
color gamut than that available on current 
television screens. 7 These LEDs have high energy- 
efficiencies. By calculating the optical loses for 
light coupling into and out of channel waveguides, 
we derived a very high luminous efficiency of 8.3 
InVW for a waveguide panel display using solid 
state LEDs as light sources. This efficiency is six 
times higher than that of active matrix liquid 
crystal flat panel displays. In our calculation, a 
spreading angle of 16° was assumed for collimated 
LED emitters, the refractive indices of 1.613 and 
1.31 were assumed for waveguide core and 
cladding materials. The luminous efficiencies of 
8.0, 31.3, and 10.2 Im/W were used for red 
(AlGaAs), green (InGaN) and blue (InGaN) LEDs. 
Our calculations also conclude that the solid state 
LEDs are suitable for making large-area high 
definition televisions (HDTV) of 1920x1820 
resolution and 70 to 90 inch diagonal sizes. The 



power consumption of these LED HDTVs is 
potentially much lower than that offered by other 
technologies. 

Conclusions 

Waveguide panel displays using novel spatial 
electromechanical modulators have been 
demonstrated The new display has the potential to 
operate with a high energy-efficiency and to be 
manufactured at low cost. 
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